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Abstract 
Sugarcane (Saccharum spp. hybrids) is a leading industrial crop in tropical and subtropical 
regions worldwide. More recently, sugarcane has been selected as a key feedstock for 
biofuels due to its rapid growth, high fiber content and favorable energy input/output ratio. 
Breeding sugarcane varieties with biomass for efficient conversion to biofuels can be 
optimized by understanding the genetic control of biomass composition. However, the 
genetic analysis of these traits is hindered by the genomic complexity, and the limited 
availability of a reference genome. The aims of this project were: the development of a 
high-throughput profiling method for rapid screening of the key biomass traits in a 
sugarcane population; the construction of a new full-length transcriptome reference 
database; and the identification of transcripts associated with sugar and fiber accumulation 
in sugarcane. 
For the screening of genotypes, newly developed predictive models employing near-
infrared (NIR) spectral analysis, coupled with the high performance liquid chromatography 
(HPLC), were shown to allow high-throughput profiling of major components in the fiber 
and sugar fractions in sugarcane biomass. Contrasting genotypes of low fiber and high 
fiber (minimum of ~29% and maximum of 61% total dry biomass) were identified amongst 
331 samples from 186 sugarcane genotypes. The population studied exhibited a wide 
range of fiber/sugar ratio, from 0.4 (as low as that of the typical commercial sugarcane 
variety) to 2.2 (similar to that of energy-cane). In addition, the lignin content (the central 
factor in the biomass recalcitrance) ranged from 6 to 14% of the total dry biomass. To aid 
genotyping, a new sugarcane transcriptome (termed as SUGIT database) was constructed 
using PacBio full-length isoform sequencing (Iso-Seq), and a cDNA library derived from 22 
diverse sugarcane genotypes, of the key tissues (leaf, internode and root), at different 
developmental stages (from immature to mature). Comparative analysis showed that this 
new SUGIT database included more full-length transcripts, longer predicted transcripts, 
and higher average length of the largest 1,000 proteins, compared to a de novo assembly 
from Illumina RNA-Seq short-read data from the same sample set. The annotation 
suggested that the majority (~94%) of the SUGIT database was from coding RNAs, while a 
very small proportion (~2%) could be long non-coding RNAs. About 70-82% of the RNA-
Seq reads from different tissues mapped back to the SUGIT database, suggesting that it 
represented well the targeted tissues, while about 69% of this database was aligned with 
the sorghum genome, confirming the high conservation of orthologs in the genic regions of 
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the two genomes. Applying the SUGIT database to differential expression analysis (FDR, 
false discovery rate corrected p-value <0.05), 1,649 transcript isoforms were identified as 
being differentially expressed between the young and mature tissues in the sugarcane 
plant, while 555 transcript isoforms were differentially expressed between the high and low 
fiber genotype groups. The differentially expressed transcripts included those involved in 
the carbon partitioning between the cell-wall components and sugars, cell function, 
hormone metabolism, transcription factors, disease/stress resistance, and development. 
Taken together, the new NIR- and HPLC-based method evaluated in this thesis allowed 
the rapid profiling of a large number of sugarcane biomass samples. The SUGIT database 
facilitated the analysis of differential gene expression at the transcriptional level, defined 
different full-length isoforms, and predicted transcripts that could be used to improve the 
sugarcane gene models. Finally, the study identified the candidate transcript isoforms that 
regulate the accumulation of biomass major components (sugars and fiber) at 
transcriptional level in sugarcane. 
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Abstract 
 
Sugarcane (Saccharum spp. hybrids) has great potential as a major feedstock for biofuel 
production worldwide. It is considered among the best options for producing biofuels 
today, due to an exceptional biomass production capacity, high carbohydrate (sugars and 
fiber) content and a favorable energy input/output ratio. To maximize the conversion of 
sugarcane biomass into biofuels, it is imperative to generate improved sugarcane varieties 
with better biomass degradability. However, unlike many diploid plants where genetic tools 
are well developed, biotechnological improvement is hindered in sugarcane by our current 
limited understanding of the large and complex genome. Therefore, understanding the 
genetics of the key biofuel traits in sugarcane and optimization of sugarcane biomass 
composition will advance efficient conversion of sugarcane biomass into fermentable 
sugars for biofuel production. The large existing phenotypic variation in Saccharum 
germplasm and the availability of the current genomics technologies will allow biofuel traits 
to be characterized, the genetic basis of critical differences in biomass composition to be 
determined, and targets for improvement of sugarcane for biofuels to be established. In 
this chapter, the emerging options for genetic improvement of sugarcane for the use as a 
bioenergy crop are reviewed. This will better define the targets for potential genetic 
manipulation of sugarcane biomass composition for biofuels. 
 
1.1. Introduction  
 
 
Lignocellulosic biomass from grasses such as sugarcane or woody species contains 
mostly cellulose, hemicellulose and lignin, which can be converted to biofuels as a source 
of renewable energy. At the moment, plant biomass-derived biofuels have great potential 
in countries which have limited oil resources, since it reduces the dependence on fossil 
fuel, mitigates air pollution by cutting down greenhouse gas emissions, and can be 
produced from a wide range of abundant sources (Matsuoka et al., 2009). Biofuels 
generated from plant lignocellulosic biomass (also known as the second generation of 
biofuels) have been shown to be advantageous over the first generation (from plant 
starches, sugar and oil) in terms of net energy, CO2 balance, and more importantly, do not 
compete with food industries for supply (Yuan et al., 2008). To date, producing bioethanol 
from the sugar in sugarcane has been one of the world most commercially successful 
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biofuel production systems, with the potential to deliver second generation fuels with a 
high positive energy balance and at a relatively low production cost (Yuan et al., 2008, 
Botha, 2009, Matsuoka et al., 2009). The rapid growth and high yield of sugarcane 
compared to other grasses and woody plants makes it a good candidate for the ethanol 
processing platform and the second generation of biofuels in general (Pandey et al., 
2000). Sugarcane has an exceptional ability to produce biomass as a C4 plant with the 
potential of a perennial grass crop, allowing harvest four to five times by using ratoons 
without requiring replanting (Verheye, 2010). This results in a lower cost of energy 
production from sugarcane than for most of the other potential sources of biomass (Botha, 
2009). Brazil was the world’s first country to launch a national fuel alcohol program 
(ProAlcooL). This program is based around the use of sugarcane and substitutes the use 
of gasoline by ethanol (Dias De Oliveira et al., 2005). Approximately, 23.4 billion L (6.19 
billion U.S. liquid gallons) of ethanol was produced in Brazil in 2014 (Renewable Fuels 
Association, 2015). In 2009, sugarcane bagasse has contributed about 15% of the total 
electricity consumed in Brazil, and it is predicted that energy generated from sugarcane 
culms could supply more than 30% of the country’s energy needs by 2020, which would be 
equal to or more than the electricity produced from hydropower (Matsuoka et al., 2009).  
Conventionally, sugarcane bagasse is usually burned to produce fertilizer or steam and 
electricity to fuel the boilers in sugar mills (Pandey et al., 2000). Recently, it has been used 
for biofuel production. However, the production cost of biofuels from lignocellulosic 
biomass is still considered to be relatively high, which makes it difficult to be price-
competitive and be commercialized on a large scale (Halling and Simms-Borre, 2008). At 
the moment, the cost of bagasse pre-treatment (to remove or separate its recalcitrant 
components before converting to biofuels) and microbial enzymes contribute mostly to the 
total production cost, resulting in reducing the incentive to transition from first generation to 
second generation of biofuels using sugarcane (Yuan et al., 2008). To maximize the 
efficiency of conversion of sugarcane biomass into biofuels, it is imperative to generate 
improved sugarcane cultivars with not only high biomass yield and fiber content but also 
better biomass degradability for conversion to biofuels, in addition to improving the pre-
treatment and enzyme digestion technologies.  
This chapter focuses on the potential for the genetic improvement of sugarcane as a 
source of biomass for biofuels. It explores the beneficial characteristics of sugarcane; the 
available genetic resources and germplasm; the potential of cell-wall modification by 
breeding and biotechnology; and the potential of the whole genome/transcriptome 
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sequencing applications in dissecting important biofuel traits to improve sugarcane 
biomass composition. This defines the targets for potential genetic manipulation and better 
exploitation of sugarcane biomass for biofuels. 
1.2. Sugarcane biology at a quick glance 
1.2.1. Biology and genetics 
Taxonomically, sugarcane belongs to the genus Saccharum (established by Carl Linnaeus 
in 1753), in the grass family Poaceae (or Gramineae), subfamily Panicoideae, tribe 
Andropogoneae, sub-tribe Sacharinae, under the group Saccharastrae. It has a very close 
genetic relationship to sorghum and other grass family members, such as Erianthus and 
Miscanthus (Amalraj and Balasundaram, 2006). Typically, the genus is divided into six 
different species, namely: S. barberi, S. edule, S. officinarum, S. robustum, S. sinense and 
S. spontaneum (Daniels and Roach, 1987, Amalraj and Balasundaram, 2006), in which S. 
spontaneum and S. robustum are wild species; S. officinarum, S. barberi and S. sinense 
are early cultivars, while S. edule is a marginal specialty cultivar. All genotypes of the 
Saccharum genus are reported to be polyploid, with the ploidy level ranging from 5x to16x, 
and are considered as amongst the most complex plant genomes (Manners et al., 2004). 
The cytotype (2n, the number of chromosomes in the cell) has been reported to be 
different in each species as follows; S. officinarum (2n=80), S. spontaneum (2n=40-128), 
S. barberi (2n=111-120), S. sinense (2n=81-124), S. edule (2n=60-80), and S. robustum 
(2n=60, 80). Hence the basic chromosome number (x, the monoploid set of chromosomes 
in the cell) ranges from 5, 6, 8, 10 to 12 (Sreenivasan et al., 1987). The basic chromosome 
number of S. spontaneum is 8 (even though a number of very variable cytotypes have 
been observed), and of S. officinarum and S. robustum is 10 (Panje and Babu, 1960, 
D'Hont et al., 1998). For the other three species, S. sinense, S. barberi and S. edule, due 
to the fact that these are early interspecific hybrid cultivars, there has not been a 
consensus reported, but a study by Ming et al. (1998) suggested that the basic 
chromosome number for these three species could also be 10.  
Hybrid sugarcane is derived from crosses between a female S. officinarum (2n=80) and a 
male S. spontaneum (2n=40-128). Due to the female restitution phenomenon, at first, the 
F1 hybrid conserves the whole S. officinarum chromosome set and half of the S. 
spontaneum, which is 2n+n, then a few backcrosses later this hybrid breaks down to n + n, 
establishing the hybrid chromosome set of the modern sugarcane hybrid (Bremer, 1961). 
For this reason, current sugarcane cultivars (Saccharum spp. hybrids) have a combination 
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of a highly aneuploid and interspecific set of chromosomes. By using genomic in situ 
hybridization (GISH) and fluorescent in situ hybridization (FISH), it has been revealed that 
amongst chromosomes in the nucleus of modern hybrid sugarcane, approximately 80% 
are contributed by S. officinarum, 10 to 20% from S. spontaneum and from more than 5 to 
17% from the recombination of chromosomes of the two species (D'Hont et al., 1996, 
Piperidis et al., 2001, Cuadrado et al., 2004). Modern sugarcane hybrids are normally 
crosses between varieties/clones, which makes the combination of the chromosomes in 
each offspring unique and unpredictable, due to the random sorting of the chromosomes in 
the genome (Grivet and Arruda, 2002). The first sugarcane breeding program, which 
started more than one century ago, generated a few interspecific hybrids and constitutes 
the basic germplasm used by current sugarcane breeding programs (Ming et al., 2010). 
Modern sugarcane cultivars are derived from the basic germplasm, but there have been 
only a few generations with chromosome recombination opportunities (the number of 
meiosis that chromosomes have undergone is mainly about 2-7) as the sugarcane 
breeding processes normally take between 10 and 15 years (Raboin et al., 2008, Ming et 
al., 2010). As a result, the modern sugarcane population has a narrow genetic basis and 
high linkage disequilibrium (Roach, 1989, Lima et al., 2002, Raboin et al., 2008).  
1.2.2. The nature of a complex, polyploidy and repetitive genome 
The complex and polyploid genome of sugarcane makes the process of analysing and 
understanding difficult using the normal methods applied to diploid plants. The size of the 
sugarcane genome is about 10 Gb while its genome complexity is due to the mixture of 
euploid and aneuploid chromosome sets with homo(e)logous genes present in from 8 to12 
copies (Souza et al., 2011). The estimated monoploid genome size is about 750-930 Mb 
(the monoploid genome size of the two parental species, S. officinarum and S. 
spontaneum are 930 Mb and 750 Mb, respectively), not much larger than the sorghum 
genome (~730 Mb) and about twice the size of the rice genome (~380 Mb) (D’Hont and 
Glaszmann, 2001). On the other hand, studies have revealed that, despite being a 
complex and polyploid genome, sugarcane shows synteny with other grasses, especially 
sorghum (collinear, due to the limited divergence time) and maize (orthologous but altered 
loci collinearity) (reviewed in Grivet and Arruda, 2002). It was thought that the sugarcane 
genome contains roughly the same amount of repetitive DNA as in the sorghum genome 
(Jannoo et al., 2007). However, studies on BAC-end sequences (Wang et al., 2010, 
Figueira et al., 2012, Kim et al., 2013) have suggested that there is less repetitive content 
in the sugarcane genome (e.g., 45.2% and 42.8% repetitive sequences observed in large 
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BAC collections in comparison to 61% in the sorghum genome). More recently, using the 
k-mer approach, Berkman et al. (2014) found that the repetitive proportion in three 
sugarcane hybrid cultivars ranges from 63.74% to 78.37%, and higher than that in the 
sorghum genome (55.5%) using the same approach. The authors postulated that the 
increased proportion could be attributed to the ploidy level rather than repetitive content in 
the sugarcane genome. A high gene-copy number, the integration of two chromosome 
sets from two different species and a significant repeat content, hinder the understanding 
of how the genome functions and obtaining a genuine assembled monoploid genome 
(Souza et al., 2011, Figueira et al., 2012).  
1.2.3. Candidate crop for future biofuels  
To date, sugarcane is among the most efficient crops in the world, together with other C4 
grasses, such as switch grass (Panicum virgatum), Miscanthus species (Miscanthus x 
giganteus), Erianthus species (Erianthus arundinaceus Retz.), in terms of converting solar 
energy into stored chemical energy and biomass accumulation (Tew and Cobill, 2008, de 
Souza et al., 2014, Furtado et al., 2014). In general, C4 plants outperform C3 plants in 
biomass yield, including grain, stem and leaf yield (Jakob et al., 2009, Wang and Paterson, 
2013). Sugarcane and other C4 grasses are the highest yield potential feedstocks (Table 
1.2.1), and for sugarcane, the potential yield can exceed 100 tons of dry matter per 
hectare per year (Jakob et al., 2009, Moore, 2009, Henry, 2010a). At present, the most 
suitable energy crop is probably sugarcane because of its high biomass yield and the 
potential for production on other than prime agricultural land, thereby avoiding competing 
for the land used for food industries (Waclawovsky et al., 2010). Globally, sugarcane is the 
most important crop in about 100 countries with a total production area of 26.9 million 
hectares, total production of ~1.9 billion tons and yield of 70.9 tons of fresh cane per 
hectare (data in 2013, Faostat, 2015). In 2013, Brazil was the world’s largest sugarcane 
producer, followed by India, China, Thailand, Pakistan, Mexico, Colombia, Indonesia, 
Philippines, U.S and Australia (Faostat, 2015). Sugarcane has been the most successful 
biofuel crop in Brazil, and it makes Brazilian biofuel production the most efficient plant-
based biofuel model in the world (reviewed in de Souza et al., 2014).  
In the sugarcane intermodal tissue, the sucrose concentration ranges from 14 to 42% dry 
weight (Whittaker and Botha, 1997), while the rest of dry biomass comes from the cell-wall 
lignocellulose, mostly containing cellulose, hemicellulose, lignin and ash (Pereira et al., 
2015). Biofuels from sugarcane can be produced extensively, not only from its soluble 
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sugar but also from main residues in sugarcane production, bagasse and trash, from the 
same production area (Seabra et al., 2010, Alonso Pippo et al., 2011b, Alonso Pippo et al., 
2011a, Macrelli et al., 2012). The total estimated available lignocellulosic biomass from 
sugarcane worldwide is 584 million dry tons per year, with an average lignocellulosic 
biomass yield of 22.9 dry tons per hectare per year (van der Weijde et al., 2013). 
Sugarcane bioethanol yield from bagasse is estimated at about 3,000 L per hectare, in a 
total yield of 9,950 L per hectare from sugar and bagasse (Somerville et al., 2010).  
Table 1.2.1 Average lignocellulosic biomass yield (dry matter) from sugarcane compared 
to other sources 
Plant name Yield (tons/ha/year) References 
Sugarcane 22.9* (van der Weijde et al., 2013) 
Switch grass 7-35 (reviewed in Hattori and Morita, 2010) 
Miscanthus 12-40 (reviewed in Hattori and Morita, 2010) 
Erianthus 40-60 (reviewed in Hattori and Morita, 2010) 
Eucalypts 15-40 (reviewed in Johansson and Burnham, 1993) 
*Average total cane biomass dry matter is 39 tons/ha/year (Moore, 2009) 
1.3. Available sugarcane genetic resources for biofuels 
1.3.1. Existing variation within Saccharum germplasm 
Genetically diverse sugarcane germplasm may play a key role in improving sugarcane for 
biofuels through breeding and biotechnological approaches. Genetic variation may be 
found in biomass yield, fiber content and sugar composition in the Saccharum germplasm. 
This includes the diversity among the cultivars within one species and also diversity 
among species within the genus. A relatively high genetic variability within sugarcane 
hybrid cultivars has been reported due to their heterozygosity and high polyploidy, despite 
their originating from a few clones with a narrow genetic base (Aitken and McNeil, 2010). 
There is also great genetic and morphological diversity within the Saccharum species, 
Miscanthus species and Erianthus species, to be potentially exploited and incorporated to 
broaden the genetic base in breeding programs (Harvey et al., 1994, Aitken and McNeil, 
2010). To date, the genetic diversity of S. officinarum has been exploited in breeding 
programs, however, the diversity of S. spontaneum and other species has been little used 
(Aitken and McNeil, 2010). Saccharum species have also been shown to have varied 
genome size. The S. officinarum genome is about 7.50 to 8.55 Gb, S. robustum ranges 
from 7.56 to 11.78 Gb, and S. spontaneum from 3.36 to 12.64 Gb. The other three 
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species, S. sinense, S. barberi, S. edule and modern sugarcane are interspecific hybrids 
whose genome size depends upon each cross (Zhang et al., 2012).  
There are two recognized world level collections of germplasm of Saccharum species, one 
is located in Florida (U.S) while the other is in Kerala (India). In total they contain 
approximately 1,200 accessions collected from 45 countries (Tai and Miller, 2001, Todd et 
al., 2014). These collections could be potentially utilized for breeding purposes to improve 
the sugarcane germplasm for new biofuel traits (Todd et al., 2014). The wild sugarcane 
species show wider variability in comparison to the domesticated species. In the 
Saccharum genus, S. spontaneum has the widest range of morphological variability, 
ratoon yielding, as well as, biotic and abiotic stress tolerance (Tai and Miller, 2001, Aitken 
and McNeil, 2010, Govindaraj et al., 2014). The coefficient of variation (CV%) for some of 
the traits, such as internode length, midrib width, leaf width, plant height and stalk height, 
has been reported to be between 15% and 30%, which indicates very high variability within 
the collection (Govindaraj et al., 2014). It has been shown that the diversity within modern 
sugarcane hybrids has been mostly contributed by the introgression from S. spontaneum 
(D'Hont et al., 1996). On the other hand, S. robustum also possesses a large level of 
phenotypic variation in many traits studied (Aitken and McNeil, 2010). Sugarcane parental 
species (S. officinarum, S. spontaneum and S. robustum), Miscanthus species, Erianthus 
species and sorghum species, with their diversity in genome content, structure and 
tremendous allelic variation, are a valuable and significant genetic reservoir which could 
be exploited for improving sugarcane biomass. 
1.3.2. Genetic markers and maps  
To support the effort of understanding the sugarcane genome, many physical maps, 
molecular markers and resources such as RFLP, RAPD, AFLP, SSR and ESTs, have 
been developed over time. These common markers have been applied for genetic studies, 
such as diversity, mapping, quantitative trait loci (QTL) and synteny definition; however, 
these systems have been developed mostly for well-established diploid species and are 
less effective for polyploidy plants (Garcia et al., 2013). Markers like AFLP, SSR and RFLP 
are unable to estimate the number of allelic copies and level of polyploidy in such 
complicated genomes as potato, strawberry and sugarcane (Garcia et al., 2013). More 
recently, the use of SNPs markers, which are distributed at high density across the 
genome for complex genomes, can allow the estimation of the number of allelic copies and 
the ploidy level of genomes (Zhu et al., 2008, Hall et al., 2010). The currently available 
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genetic maps and markers have been generated for sugarcane by using low-throughput 
methods, providing limited information on genome organization due to the low density of 
markers and limited coverage (most of them have less than 1,000 markers) (Aitken et al., 
2014). Therefore, it is difficult to allocate these markers into linkage groups or co-
segregation groups, or sugarcane expected chromosome number (Souza et al., 2011). 
More detailed linkage maps exist for S. officinarum, cultivar IJ76-545 (534 markers in 123 
linkage groups) and cultivar Green German (615 markers in 72 linkage groups); S. 
spontaneum cultivar IND (536 markers in 69 linkage groups) and the hybrid cultivars R570 
and Q165 (with 2,000 markers placed in more than 100 linkage groups) have been 
constructed (Souza et al., 2011, Aitken et al., 2014). More recently, using Diversity Array 
Technology (DArT), Aitken et al. (2014) integrated DArT markers, RFLPs, AFLPs, SSRs 
and SNPs into the largest marker collection for sugarcane, which contains 2,467 single 
dose markers for the cross between Q165 and IJ76-514 (a S. officinarum accession) and 
2,267 markers from the cultivar Q165. These were placed into 160 linkage groups and 
eight homology groups, with some uncategorized linkage groups indicating that more 
markers are required. There is still a need to develop high-throughput marker arrays for 
sugarcane association studies, to generate more markers and also to make use of the 
available markers. These markers will be a valuable resource for facilitating and 
unravelling the complex genome structure of sugarcane. It is worth considering that, 
information on DNA-based molecular markers of progenitor plants can potentially reveal 
the available genetic polymorphism for the analysis of their progenies (Henry et al., 2012). 
This could be a useful strategy in the case of sugarcane, where the genomes of the 
parental species are less complex than that of the hybrids.  
1.3.3. Transcriptome sequences and transcription factors (TFs) 
Expressed sequence tags (ESTs) and complimentary DNA (cDNA) sequences provide 
direct evidence of the genes present in the samples, and this sequence information is very 
useful for genome exploration, gene prediction/discovery, genome structure identification, 
SNP characterization, and for transcriptome and proteome analysis (Nagaraj et al., 2007). 
As of November 2016, the GenBank EST database (dbEST release 130101) was 
composed of 74,186,692 ESTs from different organisms, of which 284,798 hits were 
detected under the search term sugarcane (sugarcane AND "Saccharum hybrid cultivar" 
OR "Saccharum officinarum"). In the last 20 years, sugarcane ESTs have been used for 
gene discovery, BAC clone selection and dissecting the coding regions of the genome, 
involving many projects in South Africa, France, U.S, Australia and Brazil (Carson and 
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Botha, 2000, Vettore et al., 2001, Carson and Botha, 2002b, Casu et al., 2003, Grivet et 
al., 2003, Casu et al., 2004, Pinto et al., 2004, Bower et al., 2005). The largest collection of 
sugarcane ESTs was generated by SUCEST, which is composed of approximate 238,208 
ESTs from 26 diverse cDNA libraries of different tissues of sugarcane cultivars e.g. SP80-
3280, SP70-1143, RB845205, RB845298 and RB805028 (Vettore et al., 2001, Vettore et 
al., 2003, Souza et al., 2011). These sequences were assembled into 42,982 sugarcane 
assembled sequences representing more than 30,000 unique genes (~90% of the 
estimated genes of S. officinarum) (Vettore et al., 2003, Hotta et al., 2010, GRASSIUS: 
Grass Regulatory Information Server, 2015). There are other sugarcane ESTs collections 
containing fewer EST entries generated in Casu et al. (2003) and Casu et al. (2004) (8,342 
ESTs), in Ma et al. (2004) (7,993 ESTs), in Gupta et al. (2010) (~35,000 ESTs), and a 
small number of ESTs in Carson and Botha (2002a) and Carson and Botha (2000).  
Due to the homology between genomes, genome-wide mapping of ESTs of one species 
provides an important framework for the genome structure of other related species (Sato 
et al., 2011). However, it is noteworthy that the discovery of the ESTs may be restricted to 
specific cultivars, as within sugarcane germplasm each cultivar has been shown to have a 
different gene expression level (reviewed in Hotta et al., 2010). Moreover, amongst 
analyses of the biofuel traits, the lignin genes and the TFs regulating monolignol 
biosynthesis in the lignin pathway have received significant attention. Understanding this 
allows the reduction and modification of the lignin content and composition, which are 
essential in addressing the recalcitrant problem in biomass conversion (Santos Brito et al., 
2015). It is shown that the lignin regulation can be species specific and information on TFs 
obtained from model plants such as Arabidopsis may require to be validated in other 
species (Santos Brito et al., 2015). A limited number of TFs in grass and sugarcane have 
been preliminarily characterized recently, including those involved in monolignol 
biosynthesis, for example in grass (Handakumbura and Hazen, 2012), rice (Yoshida et al., 
2013), sorghum (Yan et al., 2013) and sugarcane (Santos Brito et al., 2015). Gene 
discovery of sugarcane has progressed to some extent, despite the complexity of the 
genome. The valuable information of ESTs, TFs, full-length cDNA and BACs provides an 
understanding of the allelic variations in the genome while a full genome sequence is not 
available.  
1.3.4. BAC libraries to construct a reference genome for sugarcane 
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Sugarcane cultivar R570 and other cultivars, including ones from the parental species S. 
officinarum and S. spontaneum, have been used for the construction of bacterial artificial 
chromosome (BAC) libraries (Hotta et al., 2010). These BAC libraries from sugarcane 
include: hybrid cultivar R570 (103,296 clones, average insert size of 130 kb and two other 
libraries of 100,000 clones) (Tomkins et al., 1999, Grivet and Arruda, 2002), S. 
spontaneum cultivar SES208 (38,400 clones, average insert size of 120 kb) and S. 
officinarum cultivar LA Purple (74,880 clones, average insert size of 150 kb) have been 
generated from different restriction enzymes e.g. HindIII, BamH1 (reviewed in Souza et al., 
2011). BAC sequencing in sugarcane is currently based on the sequencing of BAC clones 
anchored to an available physical map. Even though it requires a higher cost compared to 
the whole genome shotgun sequencing (using high-throughput platforms, Illumina, for 
example), it is a reliable approach for reference construction, especially for highly 
repetitive genomes which cannot be sequenced and resolved by short-read methods 
(Eversole et al., 2009, Steuernagel et al., 2009). This BAC sequencing approach has been 
used successfully in the sequencing of Arabidopsis, rice and maize genomes, and for 
producing the barley reference genome (reviewed in Steuernagel et al., 2009). The 
ongoing Sugarcane Genome Sequencing Initiative (SUGESI) has selected 5,000 BAC 
clones for sequencing from a library described in Tomkins et al. (1999) of cultivar R570, 
the most intensively characterized cultivar to date, to help the assembly of the monoploid 
coverage (monoploid tiling path) of the sugarcane genome, using the sorghum sequence 
as the guide (Souza et al., 2011, SUGESI, 2015).  
1.3.5. Sorghum bicolor genome as the closest related reference genome 
Sorghum is the most closely related species to sugarcane (Grivet et al., 1994, Dillon et al., 
2007). The sorghum genome sequencing project was initiated and completed in 2007, with 
the total genome size of ~730 Mb, and 34,496 protein-coding loci, at the coverage of 8.5x 
using whole genome shotgun sequencing by standard Sanger methodologies (Paterson et 
al., 2009). The sequenced genome is composed of 10 pairs of chromosomes and 3,294 
supercontigs (most of these have been placed into chunks on 10 chromosomes), covering 
90% of the genome and 99% of protein coding regions (including the majority of available 
non-repetitive markers, known sorghum protein coding genes and the majority of ESTs) 
(Paterson et al., 2009). The sorghum genome has approximately 61% repetitive DNA, a 
low level of gene duplication compared to other C4 grasses and a high degree of gene 
parallelism with sugarcane, even though the sugarcane genome is much more polyploid 
(Paterson et al., 2009, Paterson et al., 2010). Microcollinearity between sugarcane and 
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sorghum genomes has indicated that sorghum is suitable as the template for sugarcane 
genome assembly (Ming et al., 1998, Wang et al., 2010, Figueira et al., 2012). It has been 
suggested that the sugarcane genome could be 20-30% smaller than that of sorghum, 
despite the estimated monoploid genome size of sugarcane being about 760-930 Mb, 
approximately the size of the sorghum genome (Figueira et al., 2012). 
1.4. Lignocellulosic biomass-derived biofuels and the challenging issues in 
biomass conversion to biofuels 
1.4.1. The second generation of biofuels, cell-walls for fuels 
Due to the depletion of fossil fuel sources, the potential for oil to become more expensive, 
combined with the raising awareness of the negative impact of fossil fuels on the 
environment, biomass-derived biofuels has been investigated and developed recently as 
an alternative source of renewable, sufficient and clean energy (Botha, 2009). The 
demand for renewable biofuels is projected to be increasing (Fedenko et al., 2013). The 
first generation of biofuels from plant biomass involved the conversion of stored 
polysaccharides, non-structural carbohydrates and oils from plants (starchy, sugary and 
oily parts of plants, such as corn starch, sugarcane molasses, soybeans, canola seeds 
and palm oil) into fuels like ethanol and diesel (Schubert, 2006, Yuan et al., 2008). 
However, these sources are also used as important food items, and are therefore limited 
as a potential source of fuel, due to the increasing needs from the growing world’s 
population (Schubert, 2006). The second generation of biofuels can be generated by using 
the non-food parts of plants, such as cell-walls, which are composed of structural 
polysaccharides such as cellulose and hemicellulose (Schubert, 2006, Yuan et al., 2008, 
Henry, 2010a). This is considered to be advantageous relative to the first generation of 
biofuels, as they have a higher energy production potential, lower production cost, 
sustainable CO2 balance, no competition with the food production and have a wide range 
of plant biomass sources which are available at costs affordable to a biorefinery (Yuan et 
al., 2008, Henry, 2010a). As of 2009, sugarcane biomass as sucrose accounted for about 
40% of the biofuels feedstock worldwide for first generation biofuel production (Lam et al., 
2009). Using sugarcane bagasse as a feedstock for second generation biofuels would lead 
to a doubling the current output of biofuel production from sugarcane (Halling and Simms-
Borre, 2008). 
1.4.2. Sugarcane cell-wall and biomass composition 
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Physically, sugarcane biomass can be divided into four major fractions, whose content 
depends on the industrial process: fiber (heterogeneous organic solid fraction), non-
soluble solids (inorganic substances), soluble solids (sucrose, waxes and other 
chemicals), and water (Shi et al., 2013, Canilha et al., 2012). The production of second 
generation biofuels is focused on using the fiber fraction, especially the cell-wall 
constituents of the plant, to produce biofuels (Schubert, 2006, Henry, 2010a). This 
approach may become more efficient by optimizing the composition of the biomass 
sources for biofuel production. This could be achieved by advances in pre-treatment 
methods or biotechnological modification of cell-wall synthesis pathways, to create a 
biomass that can be more efficiently processed (Sims et al., 2006, Yuan et al., 2008, 
Simpson, 2009, Viikari et al., 2012). Three major components make up the fiber fraction of 
sugarcane, namely, cellulose, hemicellulose (or non-cellulosic polysaccharide 
components) and lignin. Cellulose constitutes around 50% of the dry weight sugarcane 
bagasse, while hemicellulose and lignin each account for about 25% (Loureiro et al., 
2011). These three components are biosynthesized through different complex pathways 
(Higuchi, 1981, Whetten and Ron, 1995, Saxena and Brown, 2000, Mutwil et al., 2008, 
Harris and DeBolt, 2010, Pauly et al., 2013). Cellulose and hemicellulose molecules form 
the cell-walls which act as the skeleton of plants and are strengthened by lignin, phenolic 
crossing linkages (Carpita, 1996, Henry, 2010b). The complex interlinking between the 
cell-wall components plays an important role in grass defence, but challenges biofuel 
production by requiring pre-treatment to separate them (de O. Buanafina, 2009).  
For a deep access to the cell-wall composition and structures, conventional chemical 
compositional analysis (wet-lab) still remains challenging (Furtado et al., 2014). This is due 
to the wide-diversity of cell-wall composition and structures, for instance, hemicellulose 
and lignin fractions are composed of heterogeneous molecules. This results in different 
techniques give different results of the same composition (Hatfield and Fukushima, 2005). 
High-throughput analytical techniques (reviewed in Lupoi et al., 2013), i.e. NIR or FT-NIR, 
allow rapid screening of diverse feedstocks with certain details on cell-wall composition, 
facilitating research in cell-wall derived biofuels; while combined methods of microscopy, 
chemistry, biochemistry and immunology allows the structure and fine structure of the cell-
walls to be further assessed (de Souza et al., 2013). 
The sugarcane and grass cell-walls are categorized as a type II cell-wall, which differs 
from the type I and type III cell-walls of other plants (reviewed in de Souza et al., 2013). In 
general there is little pectin, less lignin and less structural proteins in grass cell-walls than 
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that in the cell-walls of non-grasses (Carpita, 1996). There is similar cellulose content 
between grass and non-grass primary and secondary cell-walls; however, hemicellulose 
composition is different between the two groups. Grass cell-walls have 4-8 times more 
xylans; higher mixed linkage glucans; lower levels of xyloglucans, mannans, 
glucomannans and pectin in primary cell-walls; but higher phenolics and lignin in the 
secondary cell-walls (Loureiro et al., 2011). Grassy lignin is composed of three 
monolignols forming various ratios of them and normally has more H subunits (more 
coumaryl derivatives) than in non-grasses (Vogel, 2008). A recent study by Bottcher et al. 
(2013) showed that sugarcane lignin content and composition are varied, depending on 
the tissue type and stem positions on the plant. Within one plant, the bottom internode has 
higher lignin accumulation than the top internode, while the inner part of stem has a higher 
S/G ratio than the outer part. Polysaccharides found in sugarcane leaf and culm walls 
were similar but different in the proportions of xyloglucan and arabinoxylan (de Souza et 
al., 2013). The major mono-saccharides released from sugarcane cell-walls have been 
reported to be glucose, xylose and arabinose (Loureiro et al., 2011, de Souza et al., 2013, 
Rabemanolontsoa and Saka, 2013). Understanding the fine structure and detailed 
composition of sugarcane cell-walls will assist in optimizing the tissue pre-treatment and 
cell-wall hydrolysis protocol. At present, converting sugarcane lignocellulosic biomass to 
ethanol includes: (1) pretreatment to remove the lignin and other recalcitrant cellular 
constituents (or hemicellulose) to free cellulose; (2) enzyme mediated action to 
depolymerize carbohydrates to simple sugars; and (3) fermentation of sugars and 
distillation of ethanol as the end product (Canilha et al., 2012).  
1.4.3. Dealing with the conversion issues 
Even though sugarcane biomass is less resistant to enzymatic digestion when compared 
to that from woody plants, it is reported that the biomass recalcitrant components impede 
the efficiency of the conversion to ethanol (Jung, 1989, Anterola and Lewis, 2002, Chen 
and Dixon, 2007, Himmel et al., 2007, Balat et al., 2008, Li et al., 2013). Biomass 
recalcitrance is caused by many factors, including the presence of epidermal and 
sclerenchyma tissues, vascular bundle density and arrangement, the degree of 
lignification, heterogeneity and complexity of cell-wall constituents, insoluble matter, 
natural inhibitors and cellulose crystallinity (Himmel et al., 2007). Most approaches for 
producing biofuels from biomass at the moment rely on the disruption of the biomass to 
separate lignocellulose and remove lignin in the biomass, then conversion using microbial 
enzymes (Sticklen, 2006). In general, overcoming the recalcitrant issue can be addressed 
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by physical, chemical and genetic approaches. Physical and chemical strategies deal 
mainly with the pre-treatment and involve loosening the cell-wall structure, lowering the 
biomass heterogeneity, providing the enzymes with access to the cellulose, cleaving the 
crossing linkages, and removing enzymatic inhibitors (Balat et al., 2008, Saathoff et al., 
2011). To make the physical and chemical changes in plant biomass, the pretreatment 
processing conditions must be tailored to the specific chemical and structural composition 
of the various and variable sources of lignocellulosic biomass (Mosier et al., 2005). 
Currently available physical and chemical pre-treatment methods are varied and can be 
listed as un-catalysed steam explosion, flow-through acid, liquid hot water, pH controlled 
hot water, dilute acid, ammonia and lime, and more recently, the method using ionic liquids 
(Mosier et al., 2005, Shi et al., 2013, Sun et al., 2013). Genetic approaches involve genetic 
enhancement, molecular biology and plant breeding efforts to improve biomass sources by 
having crops with less lignin, modified lignin, crops that self-produce enzymes, and crops 
with increased cellulose and biomass overall (reviewed in Sticklen, 2006). The costs of the 
enzymatic pre-treatment of cellulosic biomass (which accounts for about 25% of total 
processing expenses), biomass conversion and microbial tanks, limit the price-
competitiveness of biofuel from lignocellulosic biomass in comparison to fossil fuel 
(Gnansounou and Dauriat, 2010, Macrelli et al., 2012, van der Weijde et al., 2013, Macrelli 
et al., 2014). This emphasizes the value of genetic improvement of biomass composition 
to reduce processing costs. 
1.5. Potential strategies for the improvement of sugarcane for biofuels 
1.5.1. Breeding approaches 
The complex and highly polyploid genome of sugarcane poses a great challenge in 
unravelling and studying its functions. Each cross of modern sugarcane cultivars has a 
unique set of chromosomes due to the random sorting of chromosomes and recombination 
of alleles from two progenitor species (Grivet and Arruda, 2002). There are several distinct 
alleles at each locus in sugarcane chromosomes, making the characteristics of the 
offspring unpredictable and requiring evaluating thousands of lines from many parents to 
gather sufficient information in breeding programs (Matsuoka et al., 2009). In conventional 
breeding, after crossing and obtaining the F1 generation, hundreds of thousands of F1 
seedlings are used for screening for the desired traits such as disease resistance, sugar 
content, agronomic characteristics and adaptability (Matsuoka et al., 2009). The process is 
normally repeated for some vegetatively propagated generations to obtain the required 
stability of the traits. For industry purposes, after a long process of selection from 
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hundreds of thousands seedlings at the beginning, breeders normally end up with a limited 
number of clones for release as commercial lines or cultivars.  
To facilitate the second generation of biofuels, sugarcane breeding programs need to 
focus not only on important traits such as total biomass yield, sugar yield adaptability to 
the local environment and resistance to major pathogens, but also biofuel traits (e.g. less 
lignin, improve biomass composition for conversion) (Matsuoka et al., 2009, Waclawovsky 
et al., 2010). In sugarcane breeding, to maximize heterosis, the parents are usually 
selected from divergent genotypes of genetic background (Tabasum et al., 2010). 
Increasing sugarcane biomass yield and productivity is getting more and more difficult to 
achieve by conventional methods, hence, broadening the sugarcane genetic basis by 
introgression of its ancestors or closely related species, such as Miscanthus and 
Erianthus, is being explored in sugarcane improvement (reviewed in Dal-Bianco et al., 
2012, de Siqueira Ferreira et al., 2013). This is normally done by crossing S. officinarum 
and Erianthus or Miscanthus, or backcrossing the hybrids to S. spontaneum (Matsuoka et 
al., 2009). Dual-purpose cane and energy cane, sugarcane lines for lignocellulosic 
biomass production, have been derived from two sugarcane species, S. spontaneum and 
S. robustum, by crossing to develop lines with a high ability to accumulate fiber and high 
biomass content, in addition to accumulating soluble sugars (de Siqueira Ferreira et al., 
2013). Another case is Miscane, which was the result of crossing between Saccharum x 
Miscanthus. This produces cane varieties with more biomass (lignocellulose and total 
fermentable sugars), disease resistance and cold tolerance. This also effectively adapts 
Miscanthus to a tropical climate and expands sugarcane production to temperate, dry and 
cold conditions (Alexander, 1985, Burner et al., 2009, Lam et al., 2009). Recently, the use 
of molecular markers in the sugarcane breeding program (marker-assisted selection) has 
allowed the direct comparison of DNA genetic diversity and provides a precise tool in 
assessing the genetic diversity of the germplasm (Tabasum et al., 2010, Berkman et al., 
2012). The use of markers associated with the desired traits in combinations with the 
advances in Next Generation Sequencing (NGS) technology, bioinformatics tools and 
high-throughput phenotyping methods, will significantly improve the sugarcane breeding 
programs (Lam et al., 2009). NGS will allow a large number of markers, such as SNPs, to 
be generated, which could be used to obtain a high density of markers with high coverage 
across the genome, to allow the dissection of the important traits they associate with. 
These sources of markers will be essential in breeding programs for screening of the 
parental plants from the germplasm collection and of progenies derived from the crosses, 
by selecting traits for which the phenotypic methods are not practical (Berkman et al., 
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2012). High-throughput phenotyping methods will collect data from a large number of 
samples to overcome the small effects of genes, especially the QTL controlling the traits 
(Lam et al., 2009). 
1.5.2. Molecular genetic approaches 
The competitiveness of biofuels over other options relies on biotechnology advancement. 
Efficient conversion of plant biomass to biofuels requires the supply of appropriate 
feedstocks that can be sustainably produced in large quantities. The efficient conversion of 
the biomass in these feedstocks will be facilitated by having a composition that is 
optimized for efficient processing, to deliver high yields of the desired end products. 
Manipulating the carbohydrates in the cell-walls is the key to improving the biomass 
composition for biofuels (Harris and DeBolt, 2010). Powerful tools of biotechnology could 
aim to produce genetically modified sugarcane plants with a favourable ratio of cellulose to 
non-cellulose content; with in planta enzymes that can digest the biomass or degrade the 
lignin prior to its conversion to ethanol; with pest- and disease-resistance, flower inhibition, 
abiotic resistance; or incorporate them into elite sugarcane cultivars for better agronomic 
performance (Sticklen, 2006, Yuan et al., 2008, Matsuoka et al., 2009, Arruda, 2012).  
Among the grasses potentially used for biofuel production, such as sugarcane, switch 
grass, Miscanthus and Erianthus, sugarcane has been used more for gene transformation 
studies (Falco et al., 2000, Manickavasagam et al., 2004, Basnayake et al., 2011) with the 
first transgenic sugarcane being established in 1992 (Bower and Birch, 1992). The current 
status of improving sugarcane biomass by using the genetic tools is hindered by its 
genome complexity, low transformation efficiency, transgene inactivation (gene silencing 
and regulation), somaclonal variation and difficulty in backcrossing (Ingelbrecht et al., 
1999, Hotta et al., 2010, Arruda, 2012, Dal-Bianco et al., 2012). Targets tackled so far on 
sugarcane include sucrose and biomass yield increase (i.e. in Ma et al., 2000, Botha et al., 
2001), down-regulation of lignin content or monolignol changes in lignin to lower biomass 
recalcitrance (described later in this Section), expression and accumulation of microbial 
cellulosic enzymes in leaf (i.e. in Harrison et al., 2011), herbicide tolerance (i.e. in Gallo-
Meagher and Irvine, 1996, Enríquez-Obregón et al., 1998), disease or pest resistance (i.e. 
in Joyce et al., 1998, Arencibia et al., 1999, Zhang et al., 1999), flowering inhibition 
(reviewed in Matsuoka et al., 2009, Hotta et al., 2010) and drought tolerance (i.e. in Zhang 
et al., 2006). Genetically modified sugarcane has great potential to contribute to biofuel 
production, with new varieties incorporating these characteristics (Arruda, 2012). 
Unexploited genes not only from the Saccharum germplasm, but also in other related 
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species, such as cold tolerant genes in S. spontaneum and Miscanthus, or drought 
tolerant genes in sorghum, once identified would allow their integration into the sugarcane 
genome, facilitating the production of more sugarcane biomass in temperate areas or 
under dry conditions (Lam et al., 2009). . 
Increasing plant cellulose and total biomass content may be achieved by using 
approaches such as manipulation of growth regulators or key nutrients, increasing the 
ability of the plant to fix carbon by increasing atmospheric CO2, and also by manipulating 
some key metabolic enzymes in the biomass synthesis pathways (reviewed in Sticklen, 
2006). The reduction of the cross links of the maize cell-walls (including ferulate and 
diferulate cross links; benzyl ether and ester cross links) has been shown to increase the 
initial hydrolysis of its cell-wall polysaccharides by up to 46% (Grabber, 2005). In general, 
the selection of grasses with less ferulate cross linking by breeding or engineering tools is 
more attractive than pre-treatment of the cell-wall with a feruloyl esterase (Grabber, 2005).  
Lignin content accounts for about 25% of sugarcane total lignocellulosic biomass and is 
probably the main obstacle affecting the efficiency of saccharification during conversion to 
ethanol (Canilha et al., 2012, Canilha et al., 2013). Lignin and other recalcitrant 
components in cell-walls prevents cellulase accessing the cellulose molecules and needs 
to be removed before further processing (Sticklen, 2006). Lignin biosynthesis pathways 
are complicated and at least 10 different enzymes have been found involved in the lignin 
pathway in sugarcane (Higuchi, 1981, Whetten and Ron, 1995), while a total of 28 
unigenes associated with monolignol biosynthesis were identified in sugarcane using 
SUCEST database and annotated genes from closely related species, including sorghum, 
maize and rice (Bottcher et al., 2013). Tailoring sugarcane biomass composition for 
biofuels can be achieved by manipulating (down-regulation) some of the key 
genes/enzymes in the lignin pathway, mostly targeting genes which encode the terminal 
enzymes such as caffeic acid O-methyltransferase (COMT) and cinnamyl alcohol 
dehydrogenase (CAD), to minimize the impact of the modifications on growth and 
development of the plant (as reviewed in Sticklen, 2006, Jung et al., 2012, Furtado et al., 
2014). Not only lignin content but also the lignin syringyl⁄guaiacyl (S/G) ratio is a very 
important aspect to consider in terms of modifying the lignin content, because these two 
are both associated with biomass recalcitrance (Chen and Dixon, 2007, Li et al., 2010). 
Sugarcane lignin content was reduced by 3.9% - 13.7% using RNA interference (RNAi) 
suppression to down-regulate the COMT gene, which has at least 31 different ESTs 
involved (Ramos et al., 2001), by 67% - 97% and at the same time, the lignin S/G ratio 
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was reduced from 1.47 to 1.27-0.79 (Jung et al., 2012). This resulted in an increase of up 
to 29% in total sugar yield without pre-treatment (34% with dilute acid pre-treatment). The 
studies suggest that RNAi-mediated gene suppression is a promising method for the 
suppression of target genes, not only in the lignin pathway but also for cell-wall constituent 
biosynthesis (Jung et al., 2012, Bottcher et al., 2013).  
Producing enzymes in planta is another way to cut the cost of biofuel production, as it 
reduces the expense of enzymes and enzyme treatment. Cellulase has been produced 
within the plant (in the apoplast) of Arabidopsis, rice and maize without affecting the 
growth and development of the host plants (reviewed in Sticklen, 2006). In planta enzyme 
expression in sugarcane is still in its infancy; however, a high yield biofuel plant such as 
sugarcane must be a target for the production of enzymes within the biomass. 
Recombinant protein enzymes have been targeted to organelles such as chloroplasts, 
vacuoles and the endoplasmic reticulum, to separate the enzymes produced and their 
substrates (Harrison et al., 2011). In sugarcane, thanks to its well established 
transformation methods via Agrobacterium, the expression of enzymes in leaves and other 
tissues is feasible (Manickavasagam et al., 2004, Taylor et al., 2008). Endoglucanases 
and exoglucanases have been overexpressed in sugarcane leaves by using the maize 
PepC promoter, achieving an accumulation level of 0.05% of total soluble proteins 
(endoglucanase, in chloroplast) and less of exoglucanases, without altering the phenotype 
(Harrison et al, 2011). In the future, enzymes might be synthesized in specific energy cane 
plants that could be co-processed with other biomass sources from sugarcane, which are 
used for sugar and biomass production (e.g. bagasse from sugar mills) (Arruda, 2012). 
1.5.3. Whole genome and transcriptome sequencing approaches  
The advent of NGS technology and a sharp reduction in per-base cost in the past decade 
(as reviewed in van Dijk et al., 2014) allows the sequencing of the whole genome of a 
species, even a complex genome such as sugarcane, at a relatively low price within a 
relatively short time. Note that “sequencing” here refers to generating the short fragments 
(reads) from the whole genome, while the challenge in sugarcane genomics lies in the 
assembly of these fragments into complete chromosome sequences. At present, the cost 
of sequencing of a human genome at 30x coverage using the latest Illumina’s Hiseq X is 
around US $1,000. Since the first plant genome was completely sequenced (Arabidopsis 
thaliana in 2000) using the traditional Sanger sequencing platform, the sequencing 
strategies have moved to high-throughput and cost-effective approaches (Henry et al., 
2012). High-throughput genome sequencing platforms have recently advanced and 
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facilitated improved genotyping, allowing huge data output to be generated for 
polymorphism detection (especially SNPs) and marker discovery.  
At present, a whole genome sequence of sugarcane is not available to support its biofuel 
trait analysis. However, a strategy to overcome this using the currently available resources 
for dissecting biofuel traits, for example, in analysis of sugarcane biomass traits, is to carry 
on the association studies in which a population of genetic variability is selected, 
phenotyped and genotyped. Association studies use the molecular markers from the 
genetic variability to detect the association between markers and traits of interest, in order 
to validate the location of the genes, especially for quantitative traits (Huang et al., 2010). 
This strategy has been used for human and animal genetic studies since it was first 
established and more recently also for plants. To date, association studies have been 
applied successfully to many different plants including: Arabidopsis, wheat, barley, rice, 
cotton, maize, potato, soybean, sugar beet, Pinus, Eucalypts, ryegrass (for a review, see  
Zhu et al., 2008, also Hall et al., 2010), and sugarcane (Aitken et al., 2005, Wei et al., 
2006) for important traits like pathogen resistance, flowering time, grain composition and 
quality. Association studies differ from traditional QTL studies, where in QTL analysis the 
linkage disequilibrium between markers and QLTs from a segregating population is 
established in crosses of different genotypes, whereas in association studies a non-
structured population is used (Neale and Savolainen, 2004, Ingvarsson and Street, 2011). 
Therefore, association studies investigate variations of the whole population not just 
variations between parents. Association studies analyse the direct linkage disequilibrium 
between genetic markers and traits to overcome the limitations of the traditional QTL in 
sample size, low variation and recombination in the population (Ingvarsson and Street, 
2011). In sugarcane, association studies are a powerful method for understanding the 
complex traits which are controlled by many loci and dosage effects (Ming et al., 2001, 
Wei et al., 2006, Banerjee et al., 2015). In general, association studies involve population 
selection, phenotyping, genotyping, population structure and statistical testing for the 
association. For these, there is a requirement to have a population with genetic variability 
and high linkage disequilibrium. For sugarcane, the most important aspect of doing 
association studies is having marker data and a breeding population of elite varieties 
(Huang et al., 2010). Due to the limited number of generations, low recombination rate 
between chromosomes and strong founder effect, it is expected that sugarcane has an 
extensive linkage disequilibrium, despite the large number of chromosomes and being an 
outcrossing species (Huang et al., 2010). In fact, attaining a F2 population (such as inbred 
backcrosses or recombinant inbred lines and double haploid lines) in sugarcane is not 
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practical due to its clonal propagation, high heterozygosity and inbreeding depression 
(Aitken and McNeil, 2010, Alwala et al., 2010). Therefore, more commonly, a segregating 
F1 population from bi-parental crosses or self-pollinated progenies from heterozygous 
parents (as the pseudo F2 population) are used, and hence, most of sugarcane linkage 
maps (as AFLP, RAPD, isozyme and SSR) have been developed based on this type of F1 
population (Alwala et al., 2010). To date, most of these maps have low coverage and a 
limited number of markers, because of the genome complexity and high cost of marker 
generation (Aitken et al., 2014). The high redundancy of the chromosomes in the 
sugarcane genome implies that with conventional approaches only the single-dose 
markers (present on only one of the homo(e)logous haplotype) can be used to obtain high 
resolution mapping (Hoarau et al., 2002, Le Cunff et al., 2008).  
The potential applications of the current genotyping technologies for sugarcane 
association studies employ both whole genome sequencing and whole transcriptome 
sequencing technologies. Genotyping is normally either by the analysis of candidate genes 
or genome-wide approaches, in which the candidate gene approach is restricted to genes 
which are thought likely to be associated with traits of interest based on prior knowledge 
(Hirschhorn and Daly, 2005, Ingvarsson and Street, 2011). At present, whole genome 
sequencing, based on the random sequencing of fragments of whole genomic DNA, has 
been successfully applied to medium size genomes with limited amounts of repetitive 
elements, and to genome re-sequencing with the guide of a reference sequence or de 
novo assembly of small genomes (Steuernagel et al., 2009, Henry et al., 2012, Xu et al., 
2012, Edwards et al., 2013). The large genome size of sugarcane is partially attributable to 
sugarcane being a polyploid and the genome having a significant amount of repetitive 
sequences (Berkman et al., 2014). As a result, the current short-reads generated from 
NGS technologies cannot completely resolve the challenges in the sugarcane genomes. 
For highly repetitive genomes, the genomic complexity will be lost or reduced by using the 
de novo assembly approaches of NGS-derived short-reads, as the identical repeat 
sequences in the genome will be collapsed (Green, 2002). Therefore, there is a need to 
develop efficient genotyping strategies using whole genome sequencing data for the 
sugarcane system to overcome the challenges. Moreover, whole transcriptome 
sequencing gives details of the entire transcript expressed in the samples across the 
whole genome and could be applicable to the sugarcane genome for identifying biological 
significant variations (SNPs) between different developmental stages, between varieties or 
for transcriptome de novo assembly and gene discovery (Henry et al., 2012).  
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For large and polyploid genomes, there are still requirements to enrich the genomic DNA 
to capture the coding regions to ensure the depth of coverage, resolve the variable short-
reads and lessen the effect of repetitive sequences in the genome on discovery of 
polymorphisms (Bundock et al., 2012, Henry et al., 2012). Selective sequencing of 
genomic loci of interest (genes or exomes) can reduce the cost compared to whole 
genome sequencing, and therefore, simplify the data interpretation, since non-coding 
regions are not abundant in the data. The enrichment techniques can be hybrid capture 
(e.g. Agilent SureSelect, NimbleGen, FlexGen), selective circularization (e.g. Selector 
probes) or PCR amplification (e.g. Raindance). Hybrid capture supported by a microarray 
platform has been applied to sugarcane and other complex genomes, due to its high 
capacity to enrich large regions of interest (1-50 Mb), the possibility of multiplexing, the 
availability of kits, and a the small amount of input DNA required (<1-3 µg) (Mertes et al., 
2011). This approach uses a selection library of fragmented DNA or RNA representing the 
targets (normally oligonucleotides from 80-180 bases produced from known information 
such as gene indices, ESTs) to capture the complementary DNA fragments from a 
shotgun DNA library based on the hybridization, and then sequence the captured 
fragments (Mertes et al., 2011, Bundock et al., 2012). Bundock et al. (2012) conducted the 
solution-based hybridization (Agilent SureSelect) to capture the exome regions of 
sugarcane using sorghum and sugarcane coding probes, enriched the genome 10-11 fold, 
and detected 270,000-280,000 SNPs in each genotype of the material tested. At the 
moment, a great number of SNPs from a genome or haplotype can be generated by using 
high capacity genome sequencing instruments or high density oligonucleotide arrays (Zhu 
et al., 2008). The continuous advancement in genotyping technology allows the generation 
of up to one million SNPs spanning across the entire genome in one reaction (e.g. using 
SNP chip), and the newest SNP chip can measure the copy number as well as the allelic 
variation. Examples of available platforms are Affymetrix (e.g. Affymetrix Genome-Wide 
Human SNP Array 6.0) and Illumina (e.g. Illumina's WGGT Infinium BeadChips). Due to 
the multiple chromosomes in the homologous groups of the sugarcane genome and the 
number of alleles at each locus (and the SNPs numbers consequently), an allele would 
likely to be defined by a combination of SNPs, not just a single SNP (McIntyre et al., 2006, 
McIntyre et al., 2015). SNP genotyping, including SNP calling and statistical methods to 
estimate the ploidy level and allele dosage within homologous groups, have been 
developed for sugarcane in Garcia et al. (2013), to allow in-depth association analysis of 
the genome. In this study, SNPs were developed by SEQUENOM iPLEX MassARRAY 
and capture primers, then discovered by QualitySNP software, mass-based procedures 
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and the SuperMASSA software. For whole transcriptome sequencing, Cardoso-Silva et al. 
(2014) identified 5,106 SSRs and 708,125 SNPs from the unigenes assembled from RNA-
Seq data of contrasting sugarcane varieties. These advances in sugarcane genotyping 
technology, together with well-developed high-throughput phenotyping methods for biofuel 
traits (reviewed in Lupoi et al., 2013, Lupoi et al., 2015b) and bioinformatics tools, could 
accelerate sugarcane analysis, while a reference genome is not available.  
Some of the association studies that have been carried out on sugarcane recently have 
included those for QTLs which control the Pachymetra root rot and brown rust resistance 
on 154 genotypes (McIntyre et al., 2005); genetics of root rot, leaf scald, Fiji leaf gall, cane 
sugar and yield using 1,068 AFLP, 141 SRR (on 154 genotypes) and 1,531 DArT markers 
(on 480 genotypes) (Wei et al., 2006, Wei et al., 2010); smut and eldana stalk borer using 
275 RFLP and 1,056 AFLP markers on 77 genotypes (Butterfield (2007) cited in Huang et 
al., 2010); resistance to sugarcane yellow leaf virus using 3,949 polymorphic markers 
(DArT and AFLP) on 189 genotypes (Debibakas et al., 2014); agro-morphological traits, 
sugar yield disease resistance and bagasse content using 3,327 DArT, AFLP and SSR 
markers on 183 genotypes (Gouy et al., 2015); and sucrose and yield contributing traits 
using 989 SSR markers on 108 genotypes (Banerjee et al., 2015). Employing the 
Affymetrix GeneChip Sugarcane Genome Array, Casu et al. (2007) identified 119 
transcripts associated with enzymes of cell-wall metabolism and development on 
sugarcane variety Q177. These promising preliminary studies were carried out on small 
sample sizes and limited numbers of markers (even though a small number of significant 
associations has been identified), while the polyploid sugarcane genome and the small 
effect of quantitative traits requires larger sample sizes and more markers (e.g. genome-
wide markers) so that significant associations can be detected (Huang et al., 2010, Gouy 
et al., 2015). 
1.6. Summary  
Sugarcane has been shown to be a good candidate for use as a lignocellulosic biomass 
feedstock for second generation biofuel production. However, its genome complexity still 
remains a great constraint, restricting the dissection of biofuel traits. The most significant 
achievements in improving sugarcane biomass for biofuels have been the establishment of 
the high fiber cane varieties to generate more lignocellulosic biomass, and preliminary 
results in modifying biomass with more cellulose, less lignin content, a preferable lignin 
S/G ratio and enzyme expressed in planta (in leaves) for easy conversion to biofuels. The 
improvement of sugarcane biomass has been by traditional breeding, molecular genetics 
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approaches, and more recently, accelerated with the use of NGS technology. The future of 
second generation biofuel production using sugarcane lignocellulosic biomass will depend 
greatly on advances in understanding the key biofuel traits required to deliver more 
efficient and price-competitive biofuels. This objective will be facilitated once the whole 
genome of sugarcane is fully sequenced. Optimizing sugarcane lignocellulosic bagasse 
composition may result in biomass with better digestibility, modified carbohydrates, and 
the reduction of cross-linking or self-produced enzymes. Currently available sugarcane 
genetic resources include: diverse germplasm in the genus Saccharum, genetic markers 
and maps, ESTs and the sequence of a closely related species genome. However, novel 
strategies need to be developed to overcome the challenges posed by the complex 
genetics. Traditional approaches using breeding and molecular genetics have potential for 
wider use in improving sugarcane, while the advent of NGS technology, high-throughput 
phenotyping, genotyping, and marker development, will accelerate the process of 
dissection of biofuel traits, genome-wide. By using these approaches, the loci of interest 
will be defined for use to improve sugarcane biomass. Once a better understanding of the 
genes controlling cell-wall biosynthesis is achieved, breeding programs will be able to 
accelerate the selection and development of varieties with optimized biomass composition, 
to generate better sugarcane biomass sources to meet the demand of biofuel production. 
1.7. Outstanding research gaps in the literature and thesis aims 
1.7.1. The reference sequence matters  
As mentioned earlier, the construction of a sugarcane nuclear genome reference 
sequence is an important objective, even though it might take some time to complete. In 
the meantime, sugarcane genome analysis can exploit the currently available genetic 
resources, such as the sorghum gene indices (sorghum gene models), DFCI sugarcane 
(S. officinarum) gene indices version 3.0 (an integrated collection of sugarcane ESTs, 
complete cDNA sequences, non-redundant data of all sugarcane genes and their related 
information), transcription factors, and sugarcane tentative consensus or assembled 
sequences. For example, the study mentioned earlier in Bundock et al. (2012) based on 
the gene sequences in the sorghum genome and sugarcane gene indices, captured the 
exomic regions of two sugarcane genotypes, Q165 and IJ76-514, detected SNPs present 
in 13,000-16,000 targeted genes from Illumina short-read data of these samples, and 87-
91% of SNPs were validated and confirmed by 454 sequencing.  
For transcript profiling, in the context of the lack of a reference genome or a complete 
transcript transcriptome, most studies found in literature were conducted on sample-based 
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references which were de novo constructed using samples from each study, such as in 
Vargas et al. (2014), Cardoso-Silva et al. (2014) and Vicentini et al. (2015). This was 
shown to be the best strategy so far, since the genes expressed (transcriptome) in each 
experimental condition were different from the others, even though the major gene content 
would be similar. The currently available resources, on the other hand, are also utilized. 
Park et al. (2015) used the Sugarcane Assembled Sequences from the SUCEST-FUN 
database as reference sequences in a study on cold responsive gene expression profiling 
of sugarcane hybrids and S. spontaneum, and found that more than 600 genes are 
differentially expressed in each genotype after applying stress. Recent advances in the 
sequencing technology, such as PacBio isoform sequencing, allowed the capture of the 
full-length transcriptome without assembly, i.e. for maize (Wang et al., 2016), sorghum 
(Abdel-Ghany et al., 2016). This was applied for sugarcane to generate a new sugarcane 
transcriptome for differential expression analysis in this thesis, which is presented in 
Chapter 4. 
1.7.2. Thesis aims in the dissection of biofuel traits in sugarcane 
This study set out to gain a better understanding of the genes that regulate the 
accumulation of the major biomass components at the transcriptional level, in the 
sugarcane genome. This was done by analyzing the transcripts involved in the differences 
in carbon partitioning between sugars and fiber in the young and mature tissues, and 
between two groups of low and high fiber sugarcane genotypes. In the current context of 
sugarcane genomics and the lack of a reference genome, to achieve this, the aims were 
defined as follows: 
 Identify the phenotypic sources to be included in the genotyping analysis of the 
biomass traits targeting biofuels (biofuel traits) by profiling the main components in 
the sugarcane whole culm (addressed in chapter 3).  
 Construct the transcriptome reference database for sugarcane using PacBio Isoform 
sequencing and Illumina RNA-Seq covering the key tissues collected at different 
developmental stages (addressed in chapter 4), to aid the genotyping. 
 Conduct the association studies by RNA-Seq differential expression analysis using 
the newly constructed reference sequences, focusing on the transcripts associated 
with the regulation of sugar and fiber accumulation in the sugarcane culm (addressed 
in chapter 5).  
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 Finally, suggest putative transcripts that are associated with the sugar and fiber 
accumulation in sugarcane. 
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Chapter 2 
General Experimental Approaches 
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2.1. Overview of project approaches 
 
 
Figure 2.1.1 Scheme of project overview, including sample collection, phenotyping, 
transcriptome construction and transcript differential expression analysis 
  
This chapter is focused on providing a broad overview of the project approaches. The 
thesis is composed of four interconnected parts, as summarized in Figure 2.1.1. Firstly, a 
sugarcane population was selected, based on biomass data previously assessed by Sugar 
Research Australia Limited (SRA), including genotypes derived from diverse parental 
genetic backgrounds (described later in this Chapter 2). Secondly, the biomass samples 
were collected and the main biomass components including sugars and fiber were profiled 
(phenotyping) (presented in the Chapter 3). This phenotyping included sample preparation 
(Figure 2.1.2), sample processing for NIR spectra data acquisition, model development 
and wet chemistry in fiber characterization (Figure 2.1.3) and juice sugar estimation 
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(Figure 2.1.4), which led to the profiling of all major components in the sugarcane total 
culm biomass samples from the studied population. The output of phenotyping was used 
to select samples for transcriptome construction and contrasting genotypes for differential 
expression analysis by RNA sequencing (RNA-Seq). Chapter 4 presents the construction 
of a new sugarcane transcriptome reference database using the PacBio Isoform 
sequencing and Illumina RNA-Seq. Finally, transcript profiling and transcript differential 
expression were done using the new transcriptome database, and are presented in 
Chapter 5. The transcripts expressed in the sugarcane culms were targeted in this study, 
in which top internodal tissues and bottom internodal tissues were collected (Figure 2.1.5). 
 
Figure 2.1.2 Sample processing by a SpectraCane system. a, Collected culm samples. 
b, c, d, Sample processing by a SpectraCane. e, Shredded cane. f, g, h, i, Juice 
extraction to separate the juice and obtain the fiber cake. 
 
Figure 2.1.3 Pressed fiber sample preparation. a, b, c, Thawing of fiber cake obtained 
from the juice pressing. d, Foss XDS Rapid Content Analyzer. e, Dried sample. f, A 
Retsch grinder used for samples grinding. g, A ground sample. h, Ground sample on the 
top sieve of 850 μm. i, Ground and sieved samples  
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Figure 2.1.4 Juice sugar sample analysis. a, Pre-processed juice samples by boiling. b, 
Diluted juice samples loaded on a 96-well plate. c, Sugar standard peaks. d, Dionex BioLC 
system DX 600. 
Figure 2.1.5 Top (young) and bottom (mature) internodes before collection for RNA 
extraction, from left to right, respectively 
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2.2. Sugarcane population description 
The sugarcane population used for this study included 193 crosses ranging in fiber content 
(PNR11-52 trials), grown at Brandon Station, Shire of Burdekin, Queensland, Australia, 
was provided by SRA. The population had been generated by crossing 143 parents of 
different genetic backgrounds (Saccharum officinarum, S. spontaneum, Erianthus 
arundinaceus and E. procerus), including commercial lines, backcrossed BC1, BC2 and 
BC3 lines (hereafter crosses or lines are referred to as genotypes). The list of all 
genotypes, original parental species and types, is present in Table 2.2.1. The trials were 
first planted on 1st -3rd August 2011, and the materials used for the study were harvested 
from the second ratoon crop (third harvest) in September, 2014. The trials contained all 
193 genotypes from the population, including genotypes being replicated six times (Q200, 
Q208 and KQ228A as control genotypes), two times (152 genotypes) and one time (38 
genotypes), resulting in a total of 360 samples. This allowed the dissection of the variation 
within each genotype and within the population, in order to weigh the contribution of 
genetic variation and environmental variation to the traits of interest. The previous 
preliminary assessment of phenotypic data from this population showed a varied fiber 
content across the genotypes, indicating that this was an excellent population for use in an 
association study of biomass traits for biofuels in sugarcane. A map of the trials is shown 
in Figure 2.2.1. The trial dimensions were as follows: there were 12 columns with 30 plots 
in each column, giving a total of 360 plots. Each plot was 10 m in length and contained 
four rows with a 1.52 m wide gap between every row. The trials were surrounded by guard 
rows on all four sides. The total length of the trials was 300 m and the total width was 76m.  
Table 2.2.1 List of genotypes, types and parent genotypes in trial PNR11-52 
Genotype Female Male Type 
KQ08-1002 QBYC06-30376 Co1007 BC3 (E. arundinaceus) 
KQ08-1005 QBYC06-30376 Co1007 BC3 (E. arundinaceus) 
KQ08-1028 Q208 QBYC06-30376 BC2 (S. spontaneum) 
KQ08-1040 QN80-3425 QBYC06-30260 BC3 (E. arundinaceus) 
KQ08-1046 QN80-3425 QBYC06-30138 BC3 (E. arundinaceus) 
KQ08-1049 QN80-3425 QBYC06-30138 BC3 (E. arundinaceus) 
KQ08-1050 QN80-3425 QBYC06-30138 BC3 (E. arundinaceus) 
KQ08-1053 QN80-3425 QBYC06-30138 BC3 (E. arundinaceus) 
KQ08-1093 Q208 QBYC06-30305 BC3 (E. arundinaceus) 
KQ08-1134 Q208 QBYC06-30376 BC2 (S. spontaneum) 
KQ08-1144 Q208 QBYC06-30280 BC3 (E. arundinaceus) 
KQ08-1158 QN80-3425 QBYC06-30296 BC3 (E. arundinaceus) 
KQ08-1241 QN80-3425 QBYC06-30296 BC3 (E. arundinaceus) 
KQ08-1282 QN80-3425 QBYC06-30415 BC3 (E. arundinaceus) 
KQ08-1295 MQ239 QBYC06-30413 BC3 (E. arundinaceus) 
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Genotype Female Male Type 
KQ08-1305 QN80-3425 QBYC06-30376 BC3 (E. arundinaceus) 
KQ08-1306 QN80-3425 QBYC06-30376 BC3 (E. arundinaceus) 
KQ08-1347 QN80-3425 QBYC06-30415 BC3 (E. arundinaceus) 
KQ08-1348 QN80-3425 QBYC06-30415 BC3 (E. arundinaceus) 
KQ08-2362 QN80-3425 QBYC06-30415 BC3 (E. arundinaceus) 
KQ08-2408 Q208 QBYC06-30376 BC3 (E. arundinaceus) 
KQ08-2541 MQ239 QBYC06-30413 BC3 (E. arundinaceus) 
KQ08-2546 QN80-3425 QBYC06-30138 BC3 (E. arundinaceus) 
KQ08-2552 Q208 QBYC06-30296 BC3 (E. arundinaceus) 
KQ08-2558 QN80-3425 QBYC06-30376 BC3 (E. arundinaceus) 
KQ08-2611 Q208 QBYC06-30305 BC3 (E. arundinaceus) 
KQ08-2628 QBYC06-30249 N29 BC3 (E. arundinaceus) 
KQ08-2649 KQ228A QBYC06-30260 BC3 (E. arundinaceus) 
KQ08-2664 Q208 QBYC06-30376 BC3 (E. arundinaceus) 
KQ08-2722 MQ96-25 QBYC06-30101 BC3 (E. arundinaceus) 
KQ08-2725 MQ96-25 QBYC06-30101 BC3 (E. arundinaceus) 
KQ08-2734 QBYC06-30249 N29 BC3 (E. arundinaceus) 
KQ08-2744 QN80-3425 QBYC06-30296 BC3 (E. arundinaceus) 
KQ08-2791 QBYC06-30101 MQ239 BC3 (E. arundinaceus) 
KQ08-2838 Q208 QBYC06-30376 BC3 (E. arundinaceus) 
KQ08-2850 QBYC06-30101 MQ239 BC3 (E. arundinaceus) 
KQ08-2852 QBYC06-30101 MQ239 BC3 (E. arundinaceus) 
KQ08-2859 Q208 QBYC06-30296 BC3 (E. arundinaceus) 
KQ08-2915 QBYC06-30101 N29 BC3 (E. arundinaceus) 
KQ08-2926 QBYC06-30101 N29 BC3 (E. arundinaceus) 
KQ08-3482 Q208 MQ239 BC3 (E. arundinaceus) 
KQ08-6004 QN80-3425 QBYC06-30296 BC3 (E. arundinaceus) 
KQ228A QN80-3425 CP74-2005 Commercial variety 
KQB07-23162 Q208 MQB89-12001 BC1 (S. spontaneum) 
KQB07-23227 Q208 QBYN04-10357 BC1 (S. spontaneum) 
KQB07-23668 QBYC04-10559 N29 BC1 (S. spontaneum) 
KQB07-23785 KQ228A QBYN04-10357 BC1 (S. spontaneum) 
KQB07-23851 KQ228A MQB89-12241 BC1 (S. spontaneum) 
KQB07-23863 KQ228A MQB89-12554 BC1 (S. spontaneum) 
KQB07-23864 KQ228A MQB89-12554 BC1 (S. spontaneum) 
KQB07-23930 Q171 QBYN04-10357 BC1 (S. spontaneum) 
KQB07-23976 Q208 MQB88-10825 BC1 (S. spontaneum) 
KQB07-23980 Q208 MQB88-10825 BC1 (S. spontaneum) 
KQB07-23981 Q208 MQB88-10825 BC1 (S. spontaneum) 
KQB07-23989 Q208 MQB89-12212 BC1 (S. spontaneum) 
KQB07-23990 Q208 MQB89-12212 BC1 (S. spontaneum) 
KQB07-24024 QA89-3305 QBYC05-10199 BC1 (S. spontaneum) 
KQB07-24260 Q208 QBYN04-10357 BC1 (S. spontaneum) 
KQB07-24423 Q208 MQB88-10825 BC1 (S. spontaneum) 
KQB07-24524 Q171 QBYN04-10357 BC1 (S. spontaneum) 
KQB07-24619 KQ228A MQB88-10850 BC1 (S. spontaneum) 
KQB07-24644 KQ228A MQB89-12336 BC1 (S. spontaneum) 
KQB07-24729 KQ228A MQB89-12554 BC1 (S. spontaneum) 
KQB07-24739 QBYC04-10559 N29 BC1 (S. spontaneum) 
KQB07-24815 QA89-3305 QBYC05-10199 BC1 (S. spontaneum) 
KQB07-24887 QN80-3425 MQB89-12212 BC1 (S. spontaneum) 
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Genotype Female Male Type 
KQB07-33198 QBYN05-20563 QBYC05-10199 BC2 (S. spontaneum) 
KQB07-33281 QBYN04-26258 Q172 BC2 (S. spontaneum) 
KQB07-33305 QN80-3425 QBYN04-20250 BC2 (S. spontaneum) 
KQB07-33307 QN80-3425 QBYN04-20250 BC2 (S. spontaneum) 
KQB07-33387 QBYN05-20563 N29 BC2 (S. spontaneum) 
KQB07-33647 QN80-3425 QBYN04-26272 BC2 (S. spontaneum) 
KQB07-33743 KQ228A QBYN04-20237 BC2 (S. spontaneum) 
KQB07-34134 QBYN05-20830 Q243 BC2 (S. spontaneum) 
KQB07-34148 QC83-625 QBYC05-20720 BC2 (S. spontaneum) 
KQB07-34164 QC83-625 QBYC05-20720 BC2 (S. spontaneum) 
KQB07-34267 QBYN05-20830 Q243 BC2 (S. spontaneum) 
KQB07-34350 Q208 QBYN04-26272 BC2 (S. spontaneum) 
KQB07-34476 Q208 QBYC05-20735 BC2 (S. spontaneum) 
KQB07-34851 QBYN05-20830 KQ228A BC2 (S. spontaneum) 
KQB07-34872 Q208 QBYC05-20681 BC2 (S. spontaneum) 
KQB08-22526 KQ228A QBYN05-10420 BC2 (S. spontaneum) 
KQB08-22714 KQ228A QBYC04-10865 BC2 (S. spontaneum) 
KQB08-22816 KQ228A QBYC04-10870 BC2 (S. spontaneum) 
KQB08-31028 #N/A #N/A BC2 (S. spontaneum) 
KQB08-31134 #N/A #N/A BC2 (S. spontaneum) 
KQB08-32673 QBYN04-26073 QC91-580 BC2 (S. spontaneum) 
KQB08-32762 QBYN04-26050 QC91-580 BC2 (S. spontaneum) 
KQB08-32937 QBYN04-26042 QC91-580 BC2 (S. spontaneum) 
KQB08-32945 QBYN04-26042 QC91-580 BC2 (S. spontaneum) 
KQB08-32953 QBYN04-26042 QC91-580 BC2 (S. spontaneum) 
KQB08-32954 QBYN04-26042 QC91-580 BC2 (S. spontaneum) 
KQB09-20001 Q208 QBYN05-10420 BC1 (S. spontaneum) 
KQB09-20036 KQ228A QBYC04-10577 BC1 (S. spontaneum) 
KQB09-20053 KQ228A QBYC04-10577 BC1 (S. spontaneum) 
KQB09-20109 KQ228A QBYN04-10960 BC1 (S. spontaneum) 
KQB09-20148 KQ228A QBYN04-10356 BC1 (S. spontaneum) 
KQB09-20194 KQ228A QBYN04-10356 BC1 (S. spontaneum) 
KQB09-20256 KQ228A QBYN04-10356 BC1 (S. spontaneum) 
KQB09-20266 KQ228A QBYN04-10356 BC1 (S. spontaneum) 
KQB09-20290 Q208 QBYC04-10865 BC1 (S. spontaneum) 
KQB09-20322 KQ228A QBYN04-10472 BC1 (S. spontaneum) 
KQB09-20384 KQ228A QBYN04-10472 BC1 (S. spontaneum) 
KQB09-20424 KQ228A QBYN05-10390 BC1 (S. spontaneum) 
KQB09-20432 KQ228A QBYN05-10390 BC1 (S. spontaneum) 
KQB09-20434 Q208 QBYN05-10420 BC1 (S. spontaneum) 
KQB09-20465 KQ228A QBYC04-10577 BC1 (S. spontaneum) 
KQB09-20485 KQ228A QBYC04-10577 BC1 (S. spontaneum) 
KQB09-20497 KQ228A QBYC04-10577 BC1 (S. spontaneum) 
KQB09-20501 KQ228A QBYC04-10577 BC1 (S. spontaneum) 
KQB09-20614 KQ228A QBYN05-10420 BC1 (S. spontaneum) 
KQB09-20620 KQ228A QBYN05-10420 BC1 (S. spontaneum) 
KQB09-20624 KQ228A QBYN05-10420 BC1 (S. spontaneum) 
KQB09-23126 QC90-353 MQB89-12216 BC1 (S. spontaneum) 
KQB09-23131 QC90-353 MQB89-12216 BC1 (E. procerus) 
KQB09-23137 QC90-353 MQB89-12216 BC1 (S. spontaneum) 
KQB09-23140 QC90-353 MQB89-12216 BC1 (S. spontaneum) 
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Genotype Female Male Type 
KQB09-23146 QC90-353 MQB89-12216 BC1 (E. procerus) 
KQB09-23160 QC90-353 MQB89-12216 BC1 (E. procerus) 
KQB09-23167 QC90-353 MQB89-12216 BC1 (S. spontaneum) 
KQB09-30026 QBYN05-20643 QBYN05-10383 BC2 (S. spontaneum) 
KQB09-30117 QBYC05-20721 QC91-580 BC2 (S. spontaneum) 
MQ239 Q96 MQ77-340 Commercial variety 
Q135 NCo310 QN54-7096 Commercial variety 
Q190 Q107 H56-752 Commercial variety 
Q200 QN63-1700 QN66-2008 Commercial variety 
Q208 Q135 QN61-1232 Commercial variety 
Q232 QN80-3425 QS72-732 Commercial variety 
Q240 QN81-289 SP78-3137 Commercial variety 
Q241 Q138 SP72-4728 Commercial variety 
Q242 Q170 Q150 Commercial variety 
Q248 QN85-1271 Q170 Commercial variety 
Q252 Q208 Q96 Commercial variety 
Q253 QN80-3425 Q209 Commercial variety 
Q256 N21 Q135 Commercial variety 
QA01-2059 QN81-289 MQ77-340 Commercial hybrid 
QA02-1009 QN87-1169 QN79-1227 Commercial hybrid 
QA03-1506 Q96 F172 Commercial hybrid 
QA04-1427 Q224 QS80-7059 Commercial hybrid 
QA04-1448 QN80-4316 Q173 Commercial hybrid 
QA04-2235 QC82-663 QN88-5000 Commercial hybrid 
QA04-2294 Q96 QN79-1368 Commercial hybrid 
QA04-2422 Q176 SP78-3137 Commercial hybrid 
QA96-1749 Q224 Q184 Commercial hybrid 
QB01-10003 POJ2878 MANDALAY F1 (S. spontaneum) 
QB01-10021 POJ2878 MANDALAY F1 (S. spontaneum) 
QB01-10038 POJ2878 MANDALAY F1 (S. spontaneum) 
QB01-3 #N/A #N/A F1 (S. spontaneum) 
QB01-38 #N/A #N/A F1 (S. spontaneum) 
QBYC05-20706 CP57-614 Yacheng96-27 BC1 (S. spontaneum) 
QBYN04-20309 ROC25 YN2002-356 BC1 (S. spontaneum) 
QBYN04-26017 ROC25 YN2002-356 BC1 (S. spontaneum) 
QBYN04-26026 ROC25 YN2002-356 BC1 (S. spontaneum) 
QBYN04-26041 ROC25 YN2002-356 BC1 (S. spontaneum) 
QBYN04-26046 ROC25 YN2002-356 BC1 (S. spontaneum) 
QBYN04-26050 ROC25 YN2002-356 BC1 (S. spontaneum) 
QBYN04-26066 ROC25 YN2002-356 BC1 (S. spontaneum) 
QBYN04-26081 ROC25 YN2002-356 BC1 (S. spontaneum) 
QBYN04-26096 ROC25 YN2002-356 BC1 (S. spontaneum) 
QBYN04-26098 ROC25 YN2002-356 BC1 (S. spontaneum) 
QBYN04-26103 ROC25 YN2002-356 BC1 (S. spontaneum) 
QBYN04-26113 ROC25 YN2002-356 BC1 (S. spontaneum) 
QBYN04-26127 ROC25 YN2002-356 BC1 (S. spontaneum) 
QBYN04-26136 ROC25 YN2002-356 BC1 (S. spontaneum) 
QBYN04-26166 ROC25 YN2002-356 BC1 (S. spontaneum) 
QBYN04-26171 ROC25 YN2002-356 BC1 (S. spontaneum) 
QBYN04-26233 ROC25 YN2002-356 BC1 (S. spontaneum) 
QBYN04-26272 ROC25 YN2002-356 BC1 (S. spontaneum) 
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Genotype Female Male Type 
QBYN04-26282 ROC25 YN2002-356 BC1 (S. spontaneum) 
QC02-402 QN91-295 Q200 Commercial hybrid 
QK08-3313 Q208 Co1007 Commercial hybrid 
QN00-37 QN81-289 Q209 Commercial hybrid 
QN01-1075 QN89-2208 Q200 Commercial hybrid 
QN01-303 QC85-256 QN84-2865 Commercial hybrid 
QN02-1494 QA92-1110 Q175 Commercial hybrid 
QN02-717 QN92-1963 Q200 Commercial hybrid 
QN02-893 #N/A #N/A Commercial hybrid 
QN02-895 N21 Q135 Commercial hybrid 
QN05-1042 QN89-1567 Q130 Commercial hybrid 
QN05-1136 QH90-1322 QH90-1113 Commercial hybrid 
QN05-1210 QH90-1113 QN86-2158 Commercial hybrid 
QN05-1253 QN91-1223 QC90-289 Commercial hybrid 
QN05-1362 QN91-3028 QC92-581 Commercial hybrid 
QN05-1382 QC83-631 Q170 Commercial hybrid 
QN05-1460 QS91-7179 QS88-9095 Commercial hybrid 
QN05-1509 QN85-1446 QC88-139 Commercial hybrid 
QN05-1743 QN92-157 QN90-1820 Commercial hybrid 
QN05-1778 QN93-56 QN92-157 Commercial hybrid 
QN05-1801 QN92-1542 Q219 Commercial hybrid 
QN05-1802 QN92-1542 Q219 Commercial hybrid 
QN05-1906 Q208 QS85-1555 Commercial hybrid 
QN05-2 QC82-663 VMC67-315 Commercial hybrid 
QN05-215 QN66-2008 Q175 Commercial hybrid 
QN05-237 QA91-3693 Q171 Commercial hybrid 
QN05-292 QN80-3425 QH92-1267 Commercial hybrid 
QN05-293 QN80-3425 QH92-1267 Commercial hybrid 
QN05-307 QN58-829 QH92-1267 Commercial hybrid 
QN05-405 QN80-3425 Q155 Commercial hybrid 
QN05-44 QH94-2612 QH89-241 Commercial hybrid 
QN05-441 QN80-3425 QH91-7055 Commercial hybrid 
QN05-45 QH94-2612 QH89-241 Commercial hybrid 
QN05-457 QN80-3425 QH91-7055 Commercial hybrid 
QN05-503 QH89-1688 Q200 Commercial hybrid 
QN05-545 H60-3802 MIDA Commercial hybrid 
QN05-610 QN91-3028 QC91-580 Commercial hybrid 
QN05-725 Q96 QN89-1967 Commercial hybrid 
QN05-803 QN86-1659 Q142 Commercial hybrid 
QN05-84 QN84-4014 QN84-2483 Commercial hybrid 
QN05-852 QA85-2540 Q170 Commercial hybrid 
QN05-986 QC88-6023 Q186 Commercial hybrid 
QS00-2108 H72-8597 Q173 Commercial hybrid 
QS00-2191 QN80-440 QN86-2168 Commercial hybrid 
QS02-1038 QS95-6019 QS90-7069 Commercial hybrid 
QS02-2052 QC83-625 QC90-289 Commercial hybrid 
QS02-2068 QC83-625 QC92-714 Commercial hybrid 
QS02-2144 QN80-440 QC84-219 Commercial hybrid 
QS02-2635 QS85-7325 QC92-823 Commercial hybrid 
QS06-2058 BN87-3185 QS91-7135 Commercial hybrid 
QS06-2068 CP89-2376 Q170 Commercial hybrid 
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Genotype Female Male Type 
QS06-2079 HoCP85-845 QC92-1227 Commercial hybrid 
QS06-2102 Q182 QC91-580 Commercial hybrid 
QS06-2118 Q203 QC92-1227 Commercial hybrid 
QS06-2202 QN85-1446 QC90-289 Commercial hybrid 
QS06-2204 QN85-1446 QC90-289 Commercial hybrid 
QS06-2222 QC83-625 QC91-580 Commercial hybrid 
QS06-2288 QC83-626 QN84-2969 Commercial hybrid 
QS06-2312 QC83-631 BN81-1394 Commercial hybrid 
QS06-2330 QC83-631 BN81-1394 Commercial hybrid 
QS06-2364 QC83-631 QC91-580 Commercial hybrid 
QS06-2411 QC83-631 SP80-1842 Commercial hybrid 
QS06-2427 QC83-631 SP81-1763 Commercial hybrid 
QS06-2430 QC83-631 SP81-1763 Commercial hybrid 
QS06-2437 QC83-631 TCP87-3388 Commercial hybrid 
QS06-2447 QC83-631 TCP87-3388 Commercial hybrid 
QS06-2596 QN85-1271 QN90-492 Commercial hybrid 
QS06-2629 QN85-1446 QC90-289 Commercial hybrid 
QS06-2688 QS83-2103 LCP85-384 Commercial hybrid 
QS06-2689 QS83-2103 LCP85-384 Commercial hybrid 
QS06-2705 QS83-2103 LCP85-384 Commercial hybrid 
QS06-2721 QS83-2103 N29 Commercial hybrid 
QS06-2745 QS83-2103 SP81-1763 Commercial hybrid 
QS06-2772 QS87-7140 N29 Commercial hybrid 
QS06-2862 QS87-7453 QS83-2103 Commercial hybrid 
QS06-2866 QS87-7453 QS83-2103 Commercial hybrid 
QS06-2896 QS90-7069 N29 Commercial hybrid 
QS06-2926 QS92-251 SP81-1763 Commercial hybrid 
QS06-2974 QS94-2723 QS87-7427 Commercial hybrid 
QS06-3026 QS95-6019 Q232 Commercial hybrid 
QS06-3042 QS96-2026 QS00-2191 Commercial hybrid 
QS06-3122 QC83-626 QN84-2969 Commercial hybrid 
QS06-3128 QS96-6227 QC89-6002 Commercial hybrid 
QS06-3169 QS98-6053 QC95-3252 Commercial hybrid 
QS06-3207 QS98-6053 QS97-36 Commercial hybrid 
QS06-3241 QS99-1229 Q232 Commercial hybrid 
QS06-3247 QS99-1229 Q232 Commercial hybrid 
QS97-2463 Q138 QS87-7427 Commercial hybrid 
QS99-2014 QA88-1178 Q205 Commercial hybrid 
RB76-5418 M253/48 Unknown Commercial variety 
(BC: backcross), List was provided by Sugar Research Australia (SRA). E denotes 
Erianthus. S denotes Saccharum. #N/A: not available  
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Figure 2.2.1 Map of the population used for this study, the trials PNR11-52 were conducted at the SRA Brandon Station. The guard 
rows on all four sides are not included in this map. The control genotypes are highlighted. This map was provided by SRA. 
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2.3. Bioinformatics resources 
All analyses using the Linux command-line packages in this thesis were performed at the 
High Performance Computing clusters, Euramoo, Flashlite and Tinaroo, hosted by the 
Research Computing Centre, The University of Queensland, Australia (Research 
Computing Centre, 2016). The CLC-GWB analyses were conducted on a CLC Genomics 
Server, the CLC server, nodes and CLC-clients (CLC Genomics Workbench, CLC Bio-
Qiagen, Aarhus, Denmark) which are part of the Robert Henry Bioinformatics infrastructure 
at QAAFI, The University of Queensland, Australia. Other analyses done outside these 
facilities were specified, otherwise.  
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Abstract 
 
Lignocellulosic biomass from sugarcane could potentially be a major feedstock for second 
generation biofuel production. Consequently, selecting sugarcane varieties with favorable 
biomass characteristics, typically less enzymatic recalcitrance and better saccharification 
yield without sugar-yield penalty, will be important in sugarcane breeding. Economical and 
high-throughput techniques for profiling the major biomass components of this complex 
system will facilitate the selection of clones with ideal lignocellulosic composition from 
large numbers of genotypes in breeding programs. In this chapter, a combined high-
throughput profiling approach was used to evaluate the composition of culm-derived 
biomass samples from a sugarcane germplasm collection. This approach employed near 
infrared (NIR) spectroscopy for fiber characterization and high performance liquid 
chromatography (HPLC) for determining the sugar content in juice. The results for 331 
samples, from a diverse sugarcane population of different genetic backgrounds (as 
described in Chapter 2), showed that high quality NIR spectroscopic predictions were 
feasible for cellulose, hemicellulose, lignin and extractives values in fiber; sugars in juice 
were suitably analysed by HPLC. The analysis of total biomass indicated that this NIR- 
and HPLC-based high-throughput method allowed a robust phenotypic assessment of a 
large number of samples for the key biomass traits in the sugarcane system, including 
total dry biomass, fiber, sugars content and theoretical ethanol yields, and could potentially 
become the method of choice for sugarcane germplasm screening in breeding programs 
targeting the support of biofuel production. The phenotypic data obtained from this chapter 
facilitated the selection of samples for transcriptome construction and RNA-Seq transcript 
differential expression analysis. 
 
3.1. Introduction  
 
Due to the depletion of non-renewable liquid fossil fuels, the production of biofuels from 
plant biomass has been emphasized in recent years. While first generation biofuels use 
the food parts of the plants, such as starch, sugar and oil, to produce ethanol, the 
emerging second generation biofuels have been generated from the cell-wall derived 
biomass (defined earlier as lignocellulosic biomass) and other non-food parts of the plants 
(Schubert, 2006, Yuan et al., 2008). Sugarcane is a very important industrial crop in 
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tropical and sub-tropical countries. It has been selected as a candidate for biofuel 
production due to its exceptional capacity to produce biomass in a short time compared to 
other biomass-producing plants, such as switch grass, Miscanthus, Erianthus and woody 
candidates such as eucalypts (as reviewed in Chapter 1). A dual-purpose sugarcane 
system, for sugar and lignocellulosic biomass production, stands out from other feedstock 
options because its breeding, cultivation, production and processing facilities have been 
well established and are already in place. Sugar and lignocellulosic biomass from 
sugarcane can be produced simultaneously, on the same land area (Oxley et al., 2012) 
and with the same input costs. Approximately 1.9 billion tons of sugarcane biomass were 
produced in the year 2013 (Faostat, 2015), which contains about 580 million dry tons of 
lignocellulosic biomass that could be used as a feedstock for the production of second 
generation biofuels (van der Weijde et al., 2013).  
To maximize the conversion efficiency of sugarcane biomass to biofuels, it is imperative to 
have sugarcane genotypes with higher total biomass, more cellulose and less lignin, 
resulting in less enzymatic recalcitrance and better saccharification yield. Achieving this 
requires that we first understand the genetic basis of the key biomass traits. Association 
studies have been emerging as a method of choice for dissecting complex traits, and could 
potentially allow a better understanding of the genes underpinning biomass traits and 
relationships between them, as outlined in Chapter 1. To carry out a large-scale 
association study, a population of sugarcane of genetic variability in the targeted traits is 
required for phenotyping and genotyping (Huang et al., 2010). Phenotyping for association 
studies necessitates the assessment of hundreds to thousands of samples from a large 
number of accessions collected over several years and from several locations (Zhu et al., 
2008, Hall et al., 2010, Ingvarsson and Street, 2011). Hence, it is costly to generate a 
phenotypic data set of sufficient size. The traits targeted for biofuel research are 
constituents of the lignocellulosic fraction (cellulose, hemicellulose, and lignin) and sugars 
(mostly sucrose). A complete and accurate set of phenotypic data allows reliable 
dissection of the relationships between these traits and the genes controlling them.  
Cellulose, hemicellulose and lignin are important constituents of the lignocellulosic 
biomass (or of the total fiber fraction), and are therefore normally characterized for biofuel 
research (Oxley et al., 2012, Sabatier et al., 2012, O'Shea et al., 2014). In fiber 
characterization, a high-throughput method to assess and screen a large number of 
lignocellulosic feedstocks is required to replace the expensive, time-consuming and 
tedious chemical composition analysis techniques. Currently, there are a range of 
38 
 
available methods for the assessment of lignocellulosic biomass (reviewed in Lupoi et al., 
2013). Among the available platforms, the near infrared (NIR) spectroscopy-based 
methods have been widely used for assessing biomass, since they offer non-destructive 
analysis (reducing hazardous risks and allowing samples to be re-used for other 
purposes), a relatively low cost per sample and require minimal technical skills (reviewed 
in Lupoi et al., 2013, Xiao et al., 2014, Tsuchikawa and Kobori, 2015). To develop NIR 
spectroscopic models, paired spectra and reference values (obtained through traditional 
analytical methods) are combined using chemo-metric technique Partial Least Squares 
(PLS) regression. Applying these models to an at-line analyzer allows rapid, high-
throughput prediction of lignocellulosic constituents for new samples (Payne and Wolfrum, 
2015). The prediction of biomass composition using NIR spectral data has been developed 
for many species, including Miscanthus (Huang et al., 2012), switchgrass (Vogel et al., 
2011), poplar (Hou and Li, 2011), sugarcane (on three selected genotypes) (Sabatier et 
al., 2012) and in broad-based multi-species models (including corn, sorghum, rice and 
wheat) (Payne and Wolfrum, 2015). In the Australian sugarcane industry, NIR 
spectroscopic models have been developed for the evaluation of many sugar mill 
products, such as prepared cane, bagasse, raw sugar, molasses, juice and syrups, 
massecuite, magma, and mud (O’shea et al., 2011, Oxley et al., 2012, O'Shea et al., 
2014). Additionally, fibrated cane (whole culms) is analysed in the field environment with 
SpectraCane (Biolab, Australia), an integrated at-line analyzer comprising a shredder to 
homogenize cane culms into a fiber, conveyer and sample presentation component, and 
an NIR spectroscopic instrument (Berding et al., 1991, Brotherton and Berding, 1998). 
High performance liquid chromatography (HPLC) is a well-established system for 
quantifying and profiling sugars in sugarcane juice (Wu and Birch, 2004, Wu and Birch, 
2007). The combination of the juice characterization, provided by HPLC, and fiber 
characterization, provided by NIR spectroscopy, gives a comprehensive profile of all 
phenotypic factors contributing to the total biomass for genetic studies. A complete dataset 
of sugar and fiber content in the biomass across a given population would allow the 
estimation of the theoretical ethanol yield, and hence, the potential for biofuel production, 
as illustrated in Tew et al. (2008).  
3.2. Hypothesis and Aims 
The general hypotheses of this chapter were: (1) it is possible to build effective models for 
high-throughput prediction of the sugarcane biomass composition of a large quantity of 
39 
 
samples; (2) the predicted lignocellulosic values, once combined with the sugar, can allow 
the profiling of the total sugarcane biomass, including sugar and fiber components. 
The aims of this chapter were: (i) to explore the potential and evaluate the robustness of a 
combined high-throughput approach based upon NIR spectroscopy for fiber 
characterization and HPLC for sugar analysis in assessing sugarcane biomass traits; (ii) to 
systematically profile the biomass composition from samples collected from sugarcane 
culms, and ethanol yield potential of a sugarcane germplasm collection; and (iii) to 
establish a method to determine the fiber/sugar ratio in sugarcane genotypes, as a 
phenotyping tool for sugarcane biofuel research. 
3.3. Materials and Methods 
3.3.1. Biomass sample collection 
This study was based on 331 samples, derived from 186 sugarcane genotypes from a 
population with partial duplicates (see Table 2.2.1 and Figure 2.2.1 in Chapter 2), 
including three control genotypes (Q200, Q208 and KQ228A) with six replicates. Note that 
these samples were derived from a total of 360 samples from 193 genotypes, after the 
removal of some of the samples whose data appeared to be outliers or unavailable. The 
samples were grown in SRA field trials at their Brandon Station in the Burdekin region of 
Queensland, Australia. Six millable culms from each sugarcane sample were collected 
after the removal of leaves and green tops. The following processing occurred within one 
hour of sample collection. The culms were fed into the SpectraCane (Biolab, Australia) 
NIR analysis system, which automatically shreds the cane and collects an NIR spectrum 
using a Bruker Matrix-F NIR spectrophotometer (Bruker, Billerica, MA, U.S). This system 
provided a prediction for total fiber content, juice pol, juice brix and commercial cane sugar 
(CCS), which was based on the analysis of the collected spectral data using the calibration 
models previously developed for the whole culm samples. For fiber composition prediction 
in this study, a second NIR spectrum was collected from the pressed fiber samples, using 
a different NIR spectroscopic instrument, a Foss XDS, described in the next section. 
Following sample preparation and analysis by SpectraCane, 400 g of the well-mixed 
shredded cane of each sample was transferred to a canister and pressed using a Carver 
mechanical press auto M series (Carver, Inc, Wabash, IN, U.S) at 20,000 pounds per inch 
(psi) for 45 seconds to obtain the juice and a pressed fiber cake (referred to as pressed 
fiber). This pressed fiber was weighed and referred to as pressed fiber fresh weight in total 
biomass calculation. Approximately, 50 ml of the juice was collected into a 50 ml Falcon 
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tube and the remainder was discarded. The collected juice and pressed fiber samples 
were stored at -20oC until further analysis.  
3.3.2. Fiber sample characterization 
3.3.2.1.  Sample preparation and NIR spectral data acquisition 
Pressed fiber sample preparation and analysis was undertaken, using protocols adapted 
from those developed by the US National Renewable Energy Laboratory (NREL) (NREL, 
2015). The pressed fiber was removed from the freezer and thawed at room temperature 
for one hour. Once completely thawed, the sample was spread over a flat seedling tray 
lined with paper, and mixed thoroughly. NIR spectral data (400 to 2,500 nm with 0.5 nm 
data spacing) was collected using a Foss XDS with Rapid Content Analyzer (Foss 
NIRSystems, Hillerød, Denmark) and a moving solids module. Subsequently, the pressed-
fiber sample was dried overnight in an oven at 42oC, until a constant mass was recorded. 
This value is referred to as pressed fiber dry weight. The dried samples were ground using 
a Retsch grinder (Retsch, Haan, Germany) with 1.5 mm sieve plate set in a reverse 
position, to produce a fine and homogenous particle size. Each finely ground sample (25 
g) was sieved in a shaker (Endecotts Ltd, London, England) for 20 minutes and the 180 - 
850 μm fraction was retained and stored at 4oC until further analysis.  
3.3.2.2. Selecting samples for compositional analysis by traditional methods 
Sample selection for chemical composition analysis was completed using the Kennard-
Stone algorithm (Kennard and Stone, 1969) in the Unscrambler X software, v10.3 (Camo, 
Inc., Oslo, Norway). Of the original pool of 331 samples, 20 samples were selected based 
on the even distribution of their spectra in multivariate space (Payne and Wolfrum, 2015). 
An additional 10 samples were selected manually from the pool by evaluating the 
predicted fiber content generated from the SpectraCane prediction, in combination with the 
sample dry weight data. This was to increase the number of selected samples specifically 
representing the population from low to high fiber genotypes. The 30 samples selected by 
these methods were subjected to compositional analysis and used to calibrate the NIR 
models.  
3.3.2.3.  Compositional analysis by traditional analytical methods 
Compositional analysis of the selected samples was conducted for cellulose, 
hemicellulose, lignin, ash and extractives, using the NREL methods, modified for 
sugarcane fiber (O’shea et al., 2013, NREL, 2015). Prior to analysis, the ground and 
sieved fiber was dried in an oven for at least five hours to a constant weight at 105oC, to 
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remove the moisture absorbed during storage. The ground and sieved fiber was extracted 
sequentially with water and 100% ethanol, using an accelerated solvent extractor (ASE 
350, Dionex, Sunnyvale, CA, U.S). The settings for the ASE 350 were as follows: (1) for 
water extraction (3 cycles): pre-heating 1 min, heating 5 min, pressure 1,000 psi, 
temperature 80oC, static 7 min, flush% 150V, purge 120 sec.  
(2) for ethanol extraction (3 cycles): pre-heating 1 min, heating 5 min, pressure 1000 psi, 
temperature 90oC, static 7 min, flush% 150V, purge 120 sec. The total extractables in the 
sample were determined by subsequent quantitative recovery of the residue using a 
rotary-evaporator at 40oC. The extractives-free fiber was dried at 40oC in a vacuum oven 
for at least 12 hours to ensure evaporation of all the residual solvent. Then, the dry 
extractives-free fiber was subjected to a two-stage sulphuric acid hydrolysis procedure 
(30°C/72% H2SO4/1 h) and (121°C/4% H2SO4/1 h). The first hydrolysis was completed at 
atmospheric pressure, while the second hydrolysis step was performed under high 
pressure conditions at 20 psi in an autoclave. The hydrolysate was filtered by vacuum 
filtration and two fractions were obtained, filtrate and the solids. The acid soluble lignin 
(ASL) component in the filtrate was determined by UV-visible spectroscopy at 320 nm. The 
acid insoluble lignin (AIL) component was estimated from the total weight of dried solids 
(determined from drying at 105°C) after subtracting the acid-insoluble ash content, which 
was determined by incinerating the solids at 575oC. Total lignin was the sum of ASL and 
AIL. For structural cellulose and hemicellulose determination, the filtrate was neutralized 
with calcium carbonate and diluted before injecting into a Dionex HPLC system controlled 
by Chromeleon software (Dionex, Sunnyvale, CA, U.S). Sugar standards, including 
glucose, arabinose, galactose, xylose and mannose, were used to calibrate the sugars in 
the filtrate, and fucose was used as an internal standard in all sample injections. The 
cellulose content was calculated from glucose and the hemicellulose content was 
calculated by adding the individual results for arabinose, galactose, xylose and mannose. 
Total ash content determination was performed by incinerating the dried sample using a 
muffle furnace at 575oC; and the weights of the crucible containing the sample, before and 
after incineration, were used to calculate the ash content. All samples were analysed in 
duplicate. The chemical compositional analysis results were quoted on a % dry mass 
(%DM) basis or % extractives-free (%EF) basis in the pressed fiber fraction, in which the 
difference between these two expressed values was the amount of extractable materials 
remaining in the samples. For the NIR spectroscopic calibration model, the data on a 
%DM basis was used, as it is mentioned in O’shea et al. (2013) that models developed on 
this type of data typically show an improved performance. 
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3.3.2.4. NIR spectroscopic model development and prediction 
The analytical reference data and NIR spectroscopic data for the 30 selected samples 
were added to an existing database of sugarcane culm and bagasse, previously reported 
in O’shea et al. (2013), to generate a calibration data set of 300 samples. To maximize the 
number of samples available for developing the calibration models, all replicates in the 
chemical composition analysis were treated as individual samples (approximately 600 
individual samples). The spectral data was analysed using 1st derivative or 2nd derivative 
(Savitzky – Golay) transformation with 14 point smoothing to correct the variation in the 
baseline, and with standard normal variate (SNV) for scatter correction. Data was checked 
for outliers using principal component analysis (PCA). Partial least squares (PLS-1) 
regression models were developed for cellulose, hemicellulose, lignin and extractives 
content, using Unscrambler X 10.3. Two levels of model development were applied in this 
study. First, a calibration with an external validation set (of 152 samples, making a total of 
452 validation samples) was performed to get an assessment of potential predictive 
performance of the models. This was followed by a cross validation model using all 
available data to maximize the variability captured in the dataset. The cross-validated 
model was used for the prediction of unknowns. To assess the predictive performance of 
the externally-validated calibration models, a subset of each of the products (whole culm, 
pressed fiber and bagasse) were removed prior to model development and used as an 
independent validation set. The coefficient of determination (R2), root mean standard error 
of calibration (RMSEC) and root mean standard error of prediction (RMSEP), were used to 
evaluate the performance of the models. Again, to maximize the number of samples in the 
calibration and to improve the predictive performance, the models were re-calculated using 
all of the available data, with only cross-validation. Experience has shown that this 
combination of model development will give the best-possible predictive models whilst 
providing an indicative RMSEP, despite the low sample numbers. The cellulose, 
hemicellulose, lignin and extractives content in the unknown samples were predicted using 
the cross-validated models. 
3.3.3. Analysis of soluble sugars in juice  
The frozen juice samples were thawed at room temperature for one hour and then mixed 
thoroughly. A 2 mL aliquot of each juice sample was transferred to a 2 mL tube and heated 
in a water bath at 98oC for 10 min. The sample was centrifuged at 15,000 x g for 15 min, 
and then 50 µL of the supernatant was collected from 3 mm below the surface of the 
sample, to be diluted twenty times by transferring to a new tube containing 950 µL Milli-Q 
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water. This process was repeated three times, resulting in the original sample being 
diluted 8,000 fold. A further 1:1 dilution was undertaken with 500 µL of degassed Milli-Q 
water, resulting in the final solution being diluted 16,000 fold, relative to the original sample 
solution. The final diluted solution (1 mL) was transferred to a 96-well plate and subjected 
to analysis using a Dionex BioLC system DX 600 (Dionex, Sunnyvale, CA, U.S). Sucrose, 
glucose and fructose concentrations were measured at high pH (85 mM L−1 KOH), with a 
PA20 analytical anion exchange column and calibration with sugar standards, as 
described in Wu and Birch (2004). The sugar standards used for calibration were in a 
dilution series ranging from 1 - 150 mM, 3 - 300 mM and 1 - 150 mM for sucrose, fructose 
and glucose, respectively. The sugar concentration in the samples was adjusted for the 
dilution factor using Chromeleon Client software Version 6.8 SR8 build 2623 (Dionex, 
Sunnyvale, CA, U.S). The sucrose, fructose and glucose content in juice samples were 
quoted in milimolar (mM) concentration, and the values back-calculated to represent the 
amount of sugar in the total juice extracted from 400 g of shredded cane. 
3.3.4. Total biomass composition and data analysis  
All the data obtained from fiber characterization and juice sugar measurement were 
combined and used for back-calculation of the composition of 400 g shredded cane 
samples (referred to as total fresh biomass) originally collected (Figure 3.3.1). The 
calculations for each sample were as follows: 
- Moisture in pressed fiber = (pressed fiber fresh weight - pressed fiber dry weight) 
- Cellulose = (predicted % cellulose x pressed fiber dry mass) = cellulose in 400 g total 
biomass. 
- Hemicellulose = (predicted % hemicellulose x pressed fiber dry mass) = hemicellulose 
in 400 g total biomass. 
- Lignin = (predicted % lignin x pressed fiber dry mass) = lignin in 400 g total biomass. 
- Total fiber (in 400 g total biomass) = (cellulose + hemicellulose + lignin). 
- Juice = (400g – fresh weight of pressed fiber). 
- Water in juice = (total juice - measured sugars - 3% juice). *3% of non-sugar solubles 
in juice (Canilha et al., 2012). 
- Water in 400 g total biomass = (moisture in pressed fiber + water in juice). 
- Un-extractable sugar in pressed fiber = moisture in pressed fiber x (sugar in juice / 
water in juice). 
- Total sugar (in 400 g total biomass) = (sugar in juice + un-extractable sugar in pressed 
fiber). 
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- Total sucrose (in 400 g total biomass) = (sucrose in juice + un-extractable sucrose in 
pressed fiber). 
- Total glucose (in 400 g total biomass) = (glucose in juice + un-extractable glucose in 
pressed fiber). 
- Total fructose (in 400 g total biomass) = (fructose in juice + un-extractable fructose in 
pressed fiber). 
- Ash and insolubles in pressed fiber = (pressed fiber dry mass - total fiber - extractives) 
- Non-sugar solubles in pressed fiber = (extractives in pressed fiber - un-extractable 
sugar in pressed fiber). 
- Total ash and others (in 400 g total biomass) = ash and insolubles in pressed fiber + 
non-sugar solubles in pressed fiber + 3% juice. 
- Total dry biomass = (fiber + total sugar + total ash and others) 
All components were expressed on a percentage of total fresh biomass basis (calculated 
for the total 400 g) and a total dry biomass basis. Mass balance was used to check the 
accuracy of the biomass composition calculation. A Pearson correlation coefficient was 
computed pairwise for the major biomass components. 
 
 
See next page for legend. 
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Figure 3.3.1 The overview analysis strategies of sugarcane biomass profiling for 
samples collected from millable culm, including fiber characterization and juice sugar 
assessment  
 
3.3.5. Prediction of theoretical ethanol yields 
Theoretical ethanol yields were computed separately for sugars, fiber and then for both 
together, on a fresh and dry biomass basis, based on a stoichiometry calculation of 
prediction model (Dien, 2010, Vogel et al., 2011). This used a conversion factor of 0.568 
g/g for cellulose, 0.581 g/g for hemicellulose xylan, 0.537 g/g for sucrose and 0.511 g/g for 
glucose and fructose. The equations for calculating theoretical ethanol yields are listed 
below (assuming 100% conversion and 1.267 mL is the volume of 1 g ethanol): 
- Predicted sugar-based ethanol (L Mg-1) = ((glucose + fructose) x 0.511) + (sucrose x 
0.537)) x 1.267 
- Predicted fiber-based ethanol (L Mg-1) = ((cellulose x 0.568) + (hemicellulose x 0.581)) 
x 1.267 
3.3.6. Data analysis 
All data analysis was done using the Data Analysis ToolPak in Microsoft Excel 2013 and 
RStudio ver.0.9.8/R ver.3.1.2 (Team R Core, 2014), including lattice (Sarkar, 2008), 
ggplot2 (Wickham, 2009), reshape2 (Wickham, 2007), Hmisc (Harrell Jr, 2008) packages. 
Pairwise comparison panels of main biomass components were generated by using R 
built-in functions, codes for which can be accessed from Recology (2016). 
 
3.4. Results 
3.4.1. Chemical composition analysis  
The results for biomass compositional analysis on the 30 selected pressed fiber samples 
are presented in Table 3.4.1. The results show that, on a %DM basis of the pressed fiber, 
selected samples had 1-3% total ash, 15-35% extractives, 26-41% cellulose, 16-26% 
hemicellulose and 12-20% lignin. Within the EF fraction, the ranges for cellulose, 
hemicellulose and lignin were 38-46%, 23-30% and 18-22%, respectively. The combined 
calibration dataset, derived from whole culm, pressed fiber and mill bagasse, is presented 
in Table 3.4.2.  
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Table 3.4.1 Composition summary statistics for 30 selected pressed fiber samples.  
 
  
%  
Total Ash 
(DM) 
% 
Extractives 
(DM) 
% 
Glucose 
(DM) 
% 
Arabinose 
(DM) 
% 
Galactose 
(DM) 
% 
Xylose 
(DM) 
% 
Mannose 
(DM) 
% 
Hemicellulose 
(DM) 
%  
ASL 
(DM) 
 %  
AIL 
(DM) 
%  
Lignin 
(DM) 
Max 2.6 34.8 41.2 1.9 0.8 23.9 0.1 26.5 1.2 19.1 20.4 
Min 1.1 15.1 26.2 0.7 0.4 14.2 0.0 15.7 0.6 11.3 12.1 
Mean 1.7 23.8 33.0 1.3 0.5 18.0 0.1 19.8 0.8 14.5 15.3 
SD 0.3 5.3 3.5 0.3 0.1 2.2 0.1 2.3 0.1 1.5 1.6 
N 30 30 30 30 30 30 30 30 30 30 30 
  
  
% 
Glucose 
(EF) 
% 
Arabinose 
(EF) 
% 
Galactose 
(EF) 
% 
Xylose 
(EF) 
% 
Mannose 
(EF) 
% 
Hemicellulose 
(EF) 
 %  
ASL 
(EF) 
 %  
AIL 
(EF) 
% 
Lignin 
(EF) 
  
Max 46.4 2.3 0.9 26.9 0.1 29.7 1.3 21.2 22.2 
  
Min 37.8 0.9 0.6 20.8 0.0 22.6 0.9 16.7 17.8 
  
Mean 42.6 1.6 0.7 23.2 0.1 25.5 1.1 18.7 19.8 
  
SD 1.8 0.4 0.1 1.3 0.1 1.4 0.1 1.0 1.0 
  
N 30 30 30 30 30 30 30 30 30 
 
DM: dry mass, EF: extractives-free, ASL: acid soluble lignin, AIL; acid insoluble lignin 
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Table 3.4.2 Composition summary statistics for total ~300 calibration samples(whole 
culm, pressed fiber and bagasse), all values are reported on an extractives-free basis, 
except the extractives which are expressed as %DM. *data adapted from (Canilha et al., 
2012, O’shea et al., 2013)  
 
  
Cellulose 
(%) 
Hemicellulose 
(%) 
Lignin 
(%) 
Extractives 
(%) 
Max 48.3 29.7 23.0 68.2 
Min 33.4 20.6 15.9 4.6 
Range 14.9 9.1 7.1 63.6 
Mean 39.8 25.0 20.0 30.9 
Literature range*  38-46 22-27 19-31 - 
 
 
The amount of extractives in the samples mostly depends on the type of sample and the 
sample processing method. It is expected that there are less extractives in a pressed fiber 
sample than in a whole culm sample, but more than in a mill bagasse sample. Therefore, 
the calibration set derived from the three types of samples should well cover the range of 
expected extractives in pressed fiber samples. Various studies found in the literature have 
reported the composition of sugarcane lignocellulosic biomass with different extractives 
contents, due to the use of different extraction methods. As a result, data on an EF basis 
was reported to allow a comparison of this dataset with those reported in the literature. 
The calibration set in the study had 33-48% cellulose, 21-30% hemicellulose and 16-23% 
lignin. This final set exhibited a wide range of extractives content (5-68%DM), due to being 
derived from whole culm samples (high extractives), pressed fiber (medium to high 
extractives) and bagasse samples (low extractives). In general, the range in the calibration 
set was well aligned with the values reported for cellulose, hemicellulose, lignin and 
extractives content. This final set of data was suitable for modelling to predict sample 
composition in this study.  
 
3.4.2. NIR spectroscopic model development and prediction  
Table 3.4.3 summarizes the predictive performance of the calibration and validation of the 
developed models. A good correlation between the predicted values and the reference 
values from chemical composition analysis was observed in both calibration and validation 
(Figure 3.4.1.) of the four main predicted components. The R2 value was greater than 0.9 
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in all cases. The RMSEC, RMSEP, number of principal components (factors), slope and 
offset values, allowed a comparison between the calibration and validation in each model. 
The RMSEC and RMSEP values of the lignin model were the lowest amongst the four 
models, while the extractives model had the highest values. Overall, the performance of 
calibration and validation illustrates a good predictive ability of the models, suggesting that 
they can be applied to estimate the biomass fiber composition in the unknown samples. 
These models were used to predict the biomass composition of each sample from the 
spectra collected on the XDS NIR instrument. 
 
Table 3.4.3 Descriptive statistics for performance of calibration and cross-validation 
of models developed for pressed fiber major composition 
Constituent 
Calibration performance 
Pre-
treatment 
Sample type N* Factors RMSEC R2 Slope Offset 
Cellulose 1SNV B + PC + WC 445 4 2.09 0.93 0.93 1.86 
Hemicellulose 2SNV B + PC + WC 444 5 1.28 0.93 0.93 1.25 
Lignin 2SNV B + PC + WC 444 5 0.98 0.94 0.94 0.83 
Extractives 2SNV B + PC + WC 446 5 3.12 0.98 0.98 0.76 
Constituent 
Validation performance 
Pre-
treatment 
Sample type N** Factors RMSEP R2 Slope Offset 
Cellulose 1SNV B + PC + WC 597 4 1.62 0.98 0.95 1.44 
Hemicellulose 2SNV B + PC + WC 596 5 0.97 0.98 0.97 0.47 
Lignin 2SNV B + PC + WC 596 8 0.66 0.99 1.00 -0.02 
Extractives 2SNV B + PC + WC 598 5 2.71 0.99 0.99 0.18 
 
1SNV (first derivative, standard normal variate), 2SNV (second derivative, standard normal 
variate), B= bagasse, PC= pressed cane, WC= whole culm. *a few outliers were removed 
from the total 452 samples. **a few outliers were removed from the total 600 samples in 
each model. 
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Figure 3.4.1 Correlation of chemical composition analysis values versus predicted 
values of cellulose (a), hemicellulose (b), lignin (c) and extractives (d) in the cross-
validation of the predictive models. The x axis represents the values obtained from the 
chemical composition analysis, while the y axis represents the predicted values. The red 
dots indicate calibration data points, whereas, the blue dots indicate the validation data 
points. All values are quoted on a %DM basis of pressed fiber samples 
 
Figure 3.4.2 presents the predicted results using the developed models for the four 
biomass components. This data represents the potential sugar sources (mostly from 
hexose-glucose and pentose-xylose from cellulose and hemicellulose, respectively) in the 
samples to be used for biofuel production, as well as the recalcitrant challenge (from lignin 
content) of the biomass source (Jung et al., 1992, Thammasouk et al., 1997). The 
extractives, on the other hand, indicate the total amount water- and ethanol-soluble 
substances in the pressed fiber samples, including juice sugars not extracted during 
pressing. Figure 3.4.2a and Table 3.4.4 show that within the four predicted ranges, the 
extractives have the widest variation compared to the other three ranges. The cellulose, 
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hemicellulose, lignin and extractives predicted in this population were at 27 - 42% (range = 
15), 16 - 25% (range = 9), 12 - 20% (range = 8) and 3 - 38% (range = 35), on a %DM 
basis, respectively (for details, see Appendix II). All data fitted within the ranges of the 
calibration sample set. A Pearson correlation test (Figure 3.4.2b) indicated that the lignin 
content was more strongly correlated with hemicellulose content (R2 = 0.92, p <0.001) than 
it was with the cellulose content (R2 = 0.83, p <0.001). The coefficient of determination 
between cellulose and hemicellulose was 0.7 (p < 0.001). Extractives contents were 
negatively correlated with the lignin (R2 = -0.98, p < 0.001), hemicellulose (R2 = -0.94, p 
<0.001) and cellulose (R2 = -0.83, p <0.001) contents. All frequency histograms in the 
Figure 3.4.2c-f show that the distributions of the four lignocellulosic traits resemble a 
normal distribution.  
 
 
Figure 3.4.2 Fiber characterization results of all samples from the sugarcane 
population used in this study, predicted on the NIR spectral data of pressed fiber 
samples (N=331). (a) Boxplot of cellulose, hemicellulose, lignin and extractives predicted. 
(b) Pearson correlation analysis between predicted compositions, cellulose, hemicellulose, 
lignin and extractives. The darker color is the stronger the correlation (closer to either -1 or 
+1). The red color represents a positive correlation while the blue color represents a 
negative correlation. (c), (d), (e), (f) are the frequency histograms for sugarcane 
lignocellulosic biomass composition on %DM basis of pressed fiber. 
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Table 3.4.4 Summary statistics of predicted values for cellulose, hemicellulose, 
lignin and extractives, quoted on %DM basis of pressed fiber samples. 
 
  
Cellulose 
(%DM) 
Hemicellulose 
(%DM) 
Total lignin 
(%DM) 
Extractives 
(%DM) 
Max 41.7 25.2 20.2 37.9 
Min 26.7 16.4 12.2 2.7 
Range 15.1 8.9 8.0 35.2 
Mean 33.4 20.4 15.9 21.9 
SD 2.4 1.4 1.2 5.4 
N 331 331 331 331 
 
 
3.4.3. Sugar profiling in juice samples 
Sugars in the juice samples were profiled by HPLC using a set of equivalent sugar 
standards. Compared to fiber characterization, this procedure was straight-forward. 
Sucrose, fructose and glucose concentration within each sample were determined against 
a set of equivalent sugar standards. Table 3.4.5 summarizes the statistics of sugar 
analysis across the juice samples. The total sugar content (sum of sucrose, glucose and 
fructose), ranged from 240 to 844 mM, of which sucrose was the largest portion (70 – 
99%). There were wide ranges of sucrose, glucose and fructose values across the 
population, ranging from 192 - 826 mM, 0 - 112 mM and 3 - 123 mM, respectively. The 
ratio of sucrose content to reducing sugars ranged from 2 - 71. The primary correlation 
analysis of these sugars (on a juice weight basis) follows the same pattern as in the 
analysis of the combined data on the total biomass; this is discussed in the Discussion 
section. 
Table 3.4.5 Summary statistics for sugar analysis in juice samples 
  
Sucrose 
(mM) 
Glucose 
(mM) 
Fructose 
(mM) 
Ratio of sucrose/ 
reducing sugars 
Total sugar 
(mM) 
Max 826.1 111.7 123.5 70.5 844.4 
Min 192.2 0.4 2.5 2.4 239.7 
Mean 548.9 19.0 18.4 21.9 586.3 
SD 139.0 14.0 13.5 14.8 137.8 
N 331 331 331 331 331 
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3.4.4. Analysis of sugarcane total biomass, and the relationship between fiber and 
sugar content  
When all the data obtained from fiber characterization and sugar analysis was assembled, 
the composition of the biomass was back-calculated from the millable sugarcane culms, 
on both a fresh biomass basis and dry mass basis. Table 3.4.6 provides a summary of the 
statistics of sugarcane biomass from 186 genotypes after the averaging of replicate 
samples obtained for each genotype. Overall, total solids (fiber, sugars, ash and other 
compounds), fiber content and total sugar content were normally distributed (Figures 
3.4.3a and 3.4.3b). A general scheme of sugarcane biomass composition derived from the 
mature millable culm is presented in Figure 3.4.3c. On a total fresh biomass basis, the 
juice content accounted for 78 - 91% of total biomass. The proportion of water and total 
solids was 61 - 78% and 22 - 39%, respectively. The fiber fraction was composed of 4 - 
9% cellulose, 3 - 5% hemicellulose and 2 - 4% lignin, which collectively made up 9 - 19% 
of the total fresh biomass. Sugars were present at 6 - 23%. Sucrose, being the primary 
sugar, was present between 6 - 22%, whereas glucose and fructose were present at 0 - 
1%, each. Ash (inorganics), insolubles and other non-sugar soluble compounds (i.e. wax, 
starch, phenolic compounds, protein, organic acids, etc.), from both the pressed fiber and 
juice fractions, were estimated at 1-5%. Figure 3.4.3d presents the biomass composition 
on a total dry biomass basis (total solids fraction) of the millable sugarcane culms. The 
total fiber and total sugar accounted for 29-61% and 29-64%, respectively, while the 
estimated fraction of ash and other compounds was 3-18%.  
 
Table 3.4.6 Summary of statistics on total fresh biomass composition, including juice, 
total solids, fiber and sugar, ash and other compounds. 
 % Composition Max Min Range Mean SD N 
% Juice 90.9 78 12.8 85.8 2.2 186 
% Total solids 39 21.8 17.2 31.6 2.9 186 
% Fiber 19 9.2 9.8 12.9 1.9 186 
% Cellulose 9.4 4.1 5.3 6.2 0.9 186 
% Hemicellulose 5.4 2.7 2.7 3.8 0.5 186 
% Lignin 4.3 2.1 2.2 2.9 0.4 186 
% Sugars 22.7 6.2 16.4 15.7 3.3 186 
% Sucrose 22.5 5.6 16.9 15.2 3.4 186 
% Glucose 1.2 0.1 1.2 0.3 0.2 186 
% Fructose 0.6 0 0.6 0.2 0.1 186 
% Ash and others 5.28 1.03 4.25 2.99 0.89 186 
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Figure 3.4.3 Summary of statistics on general composition of sugarcane total 
biomass from millable culm. (a), (b) Distribution of total fiber and total sugar, quoted on 
percentage of total fresh biomass. (c) General composition of sugarcane biomass, quoted 
on the total fresh biomass basis. (d) General composition of sugarcane biomass quoted on 
total dry biomass (solid fraction) 
 
A correlation analysis of the major components of total sugarcane dry biomass is 
presented in Figure 3.4.4a. Sugar content showed a strong negative correlation with fiber 
and cellulose content (R2 = -0.92, p <0.001, for both), hemicellulose (R2 = -0.89, p <0.001) 
and lignin (R2 = -0.89, p <0.001). A tight correlation was found between total fiber and its 
three constituents (cellulose, hemicellulose and lignin) (R2 = 0.94 - 0.99, p <0.001), and 
between glucose and fructose (R2 = 0.96, p <0.001), as previously noted in fiber 
characterization, in which the predicted data was presented on a pressed fiber %DM 
basis, and in juice sugar analysis, respectively. There was no significant correlation 
between sucrose and reducing sugars (glucose or fructose), or between any of these 
reducing sugars and total fiber or any fiber components (R2 <0.3). The graph in Figure 
3.4.4.b shows an increase in the total fiber/total sugar ratio (hereafter, referred to as 
fiber/sugar ratio), ranging from 0.4 to 2.2, in response to the increase in fiber content. 
Based on the information obtained from this population, two contrasting groups of 
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genotypes, based on fiber content and fiber/sugar ratio were identified (highlighted in the 
graph). This is an important attribute and should be considered for further analysis to 
investigate the differences between these two groups in terms of lignin and hemicellulose 
composition, and also to identify the genes associated with these differences. Figure 
3.4.4c and Table 3.4.7 show a comparison between genotypes of low and high fiber 
content, quoted as a percentage on a total dry biomass basis. Even though there was an 
increase in the fiber fraction in the high fiber genotypes (mean = 55%) compared to the 
low fiber genotypes (mean = 32%), the proportion of cellulose, hemicellulose and lignin 
within the fiber fraction remained the same.  
 
See next page for legend. 
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Figure 3.4.4 Relationship between major composition in sugarcane total dry 
biomass from millable culm. (a) Correlation analyses of fiber and sugar composition. 
Correlation coefficient text size is scaled based on its values. “***” denotes p < 0.001, “**” 
denotes p < 0.01, “*” denotes p < 0.05, “††” denote p < 0.1 and “†” denote p < 1. All the 
values on the axis are expressed on percentage of total dry biomass. (b) Fiber/sugar ratio 
across the population, sorted according to fiber content from low to high. Two groups of 
low fiber and high fiber genotypes are highlighted in the plot. (c) Comparison of fiber 
composition between contrasting genotypes, low and high fiber. Data of each group was 
averaged of 10 highest and 10 lowest genotypes. 
 
3.4.5. Prediction of theoretical ethanol yields 
Calculations for 186 genotypes (presented in Table 3.4.8) showed that for each ton (Mg) 
of total fresh biomass derived from millable sugarcane culms, the theoretical fiber-based 
ethanol yield ranged from 51 to 107 L Mg-1, while that of sugar-based ethanol was from 42 
to 154 L Mg-1. These added up to a combined ethanol yield from both fiber and sugars, 
ranging from 117 to 236 L Mg-1. On a total dry biomass basis, 163 - 343 L of fiber-based 
ethanol and 193 - 438 L of sugar-based ethanol could be produced from each ton of 
biomass. The combined ethanol yield from dry biomass was from 506 to 617 L Mg-1. 
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Table 3.4.7 Data of two contrasting groups of 10 low and 10 high fiber genotypes (data expressed on percentage of total dry biomass 
basis). *Hemi denotes hemicellulose. 
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Genotype 
% 
Fiber  
% 
Cellulose  
%  
Hemi* 
% 
Lignin  
% 
Sugar  
% 
Sucrose  
% 
Glucose  
% 
Fructose  
% Ash and 
others 
Fiber/Sugar 
QN05-237 28.9 13.9 8.6 6.5 64.4 64.0 0.3 0.2 6.6 0.4 
KQ08-2926 30.2 14.7 8.8 6.7 63.8 63.1 0.4 0.3 6.0 0.5 
KQ08-2552 30.4 14.3 9.1 7.0 60.6 58.4 1.4 0.8 8.9 0.5 
KQ08-2744 31.3 15.0 9.1 7.2 63.3 61.9 0.9 0.5 5.4 0.5 
QN05-503 32.3 15.3 9.7 7.4 60.5 59.1 0.9 0.5 7.1 0.5 
QC02-402 32.4 15.4 9.4 7.6 53.1 50.1 1.9 1.1 14.5 0.6 
QN05-307 32.6 15.7 9.5 7.5 61.3 60.8 0.3 0.2 6.1 0.5 
KQB07-24815 32.7 15.6 9.5 7.6 61.2 59.2 1.3 0.7 6.1 0.5 
KQ08-2859 32.8 16.3 9.2 7.3 62.6 61.3 0.7 0.5 4.6 0.5 
QS99-2014 32.9 15.7 9.6 7.6 57.7 56.7 0.6 0.4 9.4 0.6 
Mean 31.7 15.2 9.2 7.2 60.9 59.5 0.9 0.5 7.5 0.5 
            
H
ig
h
 f
ib
e
r 
g
e
n
o
ty
p
e
s
 
Genotype 
% 
Fiber  
% 
Cellulose  
%  
Hemi*  
%  
Lignin  
% 
Sugar  
% 
Sucrose  
% 
Glucose  
% 
Fructose  
% Ash and 
others 
Fiber/Sugar 
KQB09-20432 51.5 25.4 14.5 11.7 32.8 30.6 1.4 0.8 15.7 1.6 
QBYC05-20706 52.7 25.7 15.2 11.8 38.3 37.4 0.5 0.4 9.0 1.4 
KQB07-24423 52.9 25.5 15.1 12.2 34.7 33.7 0.7 0.3 12.4 1.5 
QBYN04-26171 53.3 25.8 15.2 12.3 32.0 29.3 1.8 0.9 14.7 1.7 
KQB07-23162 53.8 25.9 15.7 12.1 32.5 31.7 0.5 0.3 13.7 1.7 
QBYN04-26050 55.4 27.4 15.5 12.5 29.6 27.8 1.1 0.7 15.1 1.9 
KQB08-22526 55.4 26.9 15.7 12.8 30.4 29.8 0.4 0.1 14.2 1.8 
QB01-10021 56.1 26.5 16.6 13.0 30.4 27.3 1.9 1.1 13.5 1.8 
QB01-10003 57.8 28.4 16.4 13.0 28.6 26.0 1.6 1.1 13.6 2.0 
KQ08-2628 61.5 29.5 17.8 14.2 28.6 25.6 2.0 0.9 10.0 2.2 
Mean 55.0 26.7 15.8 12.6 31.8 29.9 1.2 0.7 13.2 1.8 
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Table 3.4.8 Predicted yields of sugars, fiber and ethanol from sugarcane total biomass (data expressed per ton of fresh biomass and 
dry biomass) 
On fresh biomass basis       
  
 
Cellulose  
(kg Mg-1) 
Hemicellulose  
(kg Mg-1) 
Fiber-based 
ethanol (L Mg-1) 
Soluble sugars 
(kg Mg-1) 
Sugar-based 
ethanol (L Mg-1) 
Combined 
ethanol (L Mg-1) 
Max 93.6 53.9 107.0 226.7 154.2 235.8 
Min 40.6 27.2 50.6 62.3 42.2 117.0 
Average 62.1 37.9 72.6 156.6 106.4 179.0 
N 186 186 186 186 186 186 
 
 
 
 
 
  
On dry biomass basis 
 
 
 
  
 
Cellulose  
(kg Mg-1) 
Hemicellulose  
(kg Mg-1) 
Fiber-based 
ethanol (L Mg-1) 
Soluble sugars 
(kg Mg-1) 
Sugar-based 
ethanol (L Mg-1) 
Combined 
ethanol (L Mg-1) 
Max 294.6 177.9 342.9 644.5 438.3 617.3 
Min 139.0 85.9 163.2 285.5 193.3 506.2 
Average 197.6 120.6 230.9 489.9 332.9 563.8 
N 186 186 186 186 186 186 
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3.5. Discussion 
Sugarcane is considered to be an efficient biomass accumulator for sugar and biofuel 
production. Its sugar has been used for first generation biofuels over the past 10-20 years, 
while its lignocellulosic biomass has only recently been exploited for second generation 
biofuels. Sugarcane lignocellulosic biomass is derived mostly from its millable culm and 
partially from leaves and green tops, which collectively estimated account for two-thirds of 
the total sugarcane biomass produced (Alexander, 1985, Soccol et al., 2010, Macrelli et 
al., 2012). Hence, developing sugarcane varieties with a desirable fiber/sugar ratio within 
this biomass fraction, from the current diverse germplasm collections, is essential, and 
should be advanced in parallel with biomass pre-treatment and conversion technologies. A 
total of 331 sugarcane samples were investigated from a population of 186 commercial 
hybrid and introgressed genotypes derived from parents of different genetic backgrounds, 
including Saccharum officinarum, S. spontaneum, Erianthus arundinaceus and E. 
procerus. This study set out to analyze the sugarcane total biomass in a systematic way, 
in order to identify suitable germplasm for inclusion in genotyping, association studies and 
breeding programs. The NIR- and HPLC- based methods in this study provided a semi-
destructive, fast and high-throughput way to collect and process the biomass data and 
screen large populations.  
Near infrared spectral data (400 – 2,500 nm) was acquired for all biomass samples using 
the Foss XDS instrument. The peaks in the NIR spectrum provides information about all 
organic substances and other substances associated with them, within the biomass, which 
allows the quantitative assessment of biomass components of interest (Manley, 2014). 
However, it has been suggested that the spectral regions between 400 - 1,100 nm and 
2,300 - 2,500 nm are not suited to reflectance measurement and contain high levels of 
noise that could interfere with the analysis of biomass composition (Xie et al., 2009, Payne 
and Wolfrum, 2015). These were removed prior to the pre-treatment and only the range of 
1,100 - 2,300 nm was used for further analysis. NIR spectral data requires different pre-
treatment in comparison with data obtained from other platforms such as Raman or NMR 
(Lupoi et al., 2015a), to remove scatter effects while maintaining a correlation between the 
signal and analyte concentration. The pre-treatment can be 1st derivative, 2nd derivative, 
multiplicative scatter correction (MSC) or SNV transforms (Laurens and Wolfrum, 2013, 
Payne and Wolfrum, 2015). In this study, the focus was on the prediction of the major 
component composition, including cellulose, hemicellulose, lignin and extractives, in the 
sugarcane biomass. Ash and other minor organic contents (accounting for 1-3% of total 
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biomass (Canilha et al., 2012)) were not predicted nor measured, based on the 
assumption that they are present at relatively constant low levels across the samples 
being analysed. These fractions are confirmed after the information of other major 
constituents such as water, total dry biomass, fiber and sugars, is obtained. 
In the NIR spectroscopic model development, the number of samples in the calibration set 
is an important factor in determining the success of the prediction, and is normally 
influenced by the natural variation of the traits. Hundreds, if not thousands, of samples are 
normally expected to be used for model development of key lignocellulosic components, 
due to the complex agricultural matrix of the samples. For instance, in the modelling of the 
cell-wall composition, 232 samples were used in Payne and Wolfrum (2015), 130 samples 
in Wolfrum et al. (2013), 160-208 samples in O’shea et al. (2013) and 228 samples in 
Sabatier et al. (2012). In this study, a total collection of ~300 samples were analysed from 
three sample types: whole culm, pressed fiber and bagasse. All duplicate analyses were 
treated as individual samples to maximize the number of samples, resulting in a final 
~600-sample calibration set. The results suggest that this was a reasonable number for 
the development of good prediction models. 
In evaluating the predictive performance of models, R2 validation (R2val) and RMSEP are 
compared. The R2val value shows how well the predicted values fit with the reference 
values derived from chemical composition analysis, while the RMSEP is an index 
indicating how well the prediction model predicts the unknown samples (Templeton et al., 
2010, Payne and Wolfrum, 2015). Normally, a low RMSEP and high R2val values (close to 
1), are desired. The R2val value of the four models in this study were 0.98 - 0.99, which is 
higher than that in a corn model (0.42 - 0.85) (Wolfrum and Sluiter, 2009), and a sorghum 
model (0.90 - 0.94) (Wolfrum et al., 2013). The RMSEP of the cellulose model was 1.62 
(1.96 for corn, 1.45 for sorghum); the RMSEP of the hemicellulose model was 0.97 (1.33 
for corn, 0.81 for sorghum), the lignin model was 0.66 (1.49 for corn, 0.82 for sorghum) 
and the extractives model was 2.71 (2.33 for corn model, 2.33 for sorghum model). In the 
two earlier studies on sugarcane culm derived biomass, the R2val was 0.45 - 0.77 and 
RMSEP values were 2.57, 1.99 and 1.88 (for cellulose, hemicellulose and lignin, 
respectively) (Sabatier et al., 2012), while R2val was 0.86-0.96, but the RMSEPs were not 
provided (O’shea et al., 2013). A higher R2val value in this study indicates that the 
predicted values were well correlated with the chemical composition analysis, and a good 
predictive performance can be expected. While the cellulose and hemicellulose models 
had an RMSEP in a reasonable range, the lignin model had the lowest RMSEP of all the 
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models compared, which could indicate the best predictive performance expected from it. 
The high RMSEP for the extractives model was likely to have been due to the mixture of 
materials (bagasse, pressed fiber and whole culm) used to develop the calibration models. 
It could also have been due to the calibration set containing a large number of bagasse 
samples, which could weigh the models slightly. Improvements could be made by 
increasing the proportion of pressed fiber and whole culm in the calibration models. The 
uncertainty associated with the prediction has been discussed in several studies 
(Templeton et al., 2010, Bu et al., 2013, Wolfrum et al., 2013), which could prevent the 
nonsensical prediction from being reported correctly. The average deviation for cellulose, 
hemicellulose, lignin and extractives models in this study was 1.87%DM, 1.31%DM, 
1.13%DM and 3.60%DM, respectively. As expected, the extractives model had the highest 
deviation, while overall the obtained values were consistent with previously reported 
results (such as in Templeton et al., 2010, Wolfrum et al., 2013).  
The models in this study were based on NIR spectral and chemical composition analysis 
data collected from different products derived from sugarcane culm. This allows the 
models to be used in biomass composition prediction for samples with different extractives 
presentation, ranging from whole culm and pressed fiber to bagasse. The population 
studied included wide variation ranges in cellulose, hemicellulose and lignin content on a 
%DM basis of the pressed fiber. The highest cellulose, hemicellulose and lignin contents 
reported in this population were 42%, 25% and 20% of the pressed fiber dry mass, which 
are close to that reported for energy cane (type I) which has 43% cellulose, 24% 
hemicellulose and 22% lignin (Tew and Cobill, 2008, Kim and Day, 2010). On the other 
hand, the lowest figures were 27%, 16% and 12%, respectively, which are lower than the 
typical composition in a commercial cane variety (Canilha et al., 2012). It is important to 
keep in mind that, in this comparison, the values on pressed fiber samples were used to 
compare with those in the literature, since most studies reported were for either pressed 
fiber, bagasse or extractives-free fiber samples. For the values on a total dry biomass 
basis, refer to Figure 3.4.3. It is also important to clarify here that the predicted cellulose 
content was based on the total glucose released in the acid hydrolysis, and it was reported 
that the glucose (in xyloglucan) makes up about 15% of the hemicellulose fraction in 
sugarcane bagasse (Canilha et al., 2013) (this could be ~3% of the total fiber). Since 
cellulose and hemicellulose were determined from the same hydrolysis, this result likely 
over-estimated the cellulose content in the fiber by including an amount of hemicellulose 
glucose. On a total fresh biomass basis, normal distributions of major biomass 
components, shown Figures 3.4.3a and 3.4.3b, indicate that the calibration models and 
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sugar assessment performed well on this sample collection. The data summarized in 
Figure 3.4.3c is in agreement with the previous observations reported in the literature for 
sugarcane total fresh biomass. The total solids, fiber and sugars were 22 - 39%, 9 - 19% 
and 6 - 23% of total fresh biomass, respectively, while they were 18 - 25%, 10 - 16% and 
15 - 24% (Mutton (2008) cited in Canilha et al., 2012); and 24 - 27%, 11 - 16% and 10 - 
16% (Irvine (1977) cited in Clarke and Godshall, 1988). The ratio of fiber/sugar ranged 
from lower than that of a typical commercial variety (around 1) (Tew and Cobill, 2008, 
Botha, 2009) to the value reported for high fiber energy cane varieties (around 2) (Kim and 
Day, 2010). The wide ranges of solids content and fiber/sugar ratio may be a result of the 
population, which was generated from diverse genetic backgrounds, including different 
accessions of sugarcane parental species and two Erianthus species.  
While fermentable sugars indicate the potential of the biomass sources for biofuels, the 
lignin content is considered to be the center of lignocellulosic biomass recalcitrance 
(Keating et al., 2006, Himmel et al., 2007, Torres et al., 2013). Lignin inhibits the acid 
pretreatment and enzymatic fermentation of the biomass (Chen and Dixon, 2007). The use 
of low-lignin, high-fiber biomass sources are preferred for biofuel production, not only to 
reduce the cost of pretreatment, but also to gain a higher sugar yield (Bose et al., 2009). 
Typical lignin contents reported for some lignocellulosic biomass sources are: eucalypts 
(27.5 -32.7%) (Gomide et al., 2005), poplar (21 - 29%) (reviewed in Sannigrahi et al., 
2010), and sugarcane (19.1 - 31.4% for extractives-free bagasse (reviewed in Canilha et 
al., 2012), and 13.2% for dry biomass basis in Pereira et al. (2015)). The data reported a 
lignin content ranging from 12 - 20% on a pressed fiber dry mass basis, 2 - 4% of total 
fresh biomass and 6 - 14% of total dry biomass. The wide range of lignin content in this 
population would provide a valuable source for breeding programs, since lignin content 
would be one of the most important selection criteria when screening germplasm for 
inclusion in breeding programs for biofuels.  
Understanding the relationships between the components in the biomass, especially 
amongst the total solids - fiber - sugars, would potentially help to improve the sugarcane 
system for fiber and/or sugar production. The negative correlation between fiber and 
sugar, the positive correlation amongst the fiber components, as well as the proportion of 
fiber components between the low and high fiber samples, are in agreement with current 
knowledge about the highly regulated process of carbon partitioning in the sugarcane plant 
(Botha et al., 1996, Carpita, 1996, Whittaker and Botha, 1997, Botha and Black, 2000, 
Gibeaut, 2000, Joshi and Mansfield, 2007). The extractives obtained in this study are 
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representative of the ethanol- and water-soluble compounds, including sugars from the un-
extracted juice in the pressed fiber. The negative correlation between extractives and fiber 
content could likely be due to differences in ability to retain juice of the low and the high 
fiber content samples. For the accuracy of fiber characterization, the extractives need to 
be removed prior to composition analysis (Thammasouk et al., 1997). The extractive 
content cannot be used as a trait for assessing biomass for genetic studies, since it 
depends on the juice extraction method used to generate pressed fiber samples. 
In terms of the potential for biofuels, the calculations showed that 117 - 236 L and 506 - 
617 L ethanol could be produced from each fresh and dry ton of sugarcane total biomass, 
respectively. This result is consistent with the realistic yield from sugarcane fresh biomass 
(~120 L Mg-1) (Benjamin et al., 2014) and predicted yield for sweet sorghum fresh biomass 
(81 - 138 L Mg-1) (Tew et al., 2008). It was higher than the estimated figures reported for 
sugarcane dry bagasse (422 L Mg-1) (http://www.afdc.energy.gov/fuels/ethanol_feedstocks 
.html), and switchgrass dry biomass (406.3 - 427.8 L Mg-1) (Vogel et al., 2011), both based 
on the U.S. Department of Energy prediction model, which assumed that 1.7 kg hexose-
equivalent sugars and 2.65 kg fiber were required to produce 1 L of sugar-based and fiber-
based ethanol, respectively. The prediction model used in this study assumed the 
availability of an efficient pentose-fermenting organism, and ethanol yield was calculated 
separately for glucan, xylan, sucrose, glucose and fructose in the biomass, with different 
conversion factors accordingly (see Methods). It is noteworthy that the fiber-based and 
sugar-based predicted ethanol in this study were computed from the corrected fiber and 
sugar fractions, in which the juice sugars which remained in the pressed fiber were 
deducted and added back to the total sugar. Sugar-based ethanol yield represents the 
potential for first generation biofuel production, while fiber-based ethanol yield represents 
potential second generation biofuel production, from the sugarcane system. The combined 
ethanol yield indicates the potential to integrate the first generation production into second 
generation biofuel production, to make biofuel production more feasible on a large scale, 
which would allow full use of the infrastructure already well-established in sugarcane 
production for biofuels (Benjamin et al., 2014). The data provides another indicator for 
screening and selecting sugarcane genotypes from a large collection of genotypes, for use 
in biofuel production.  
3.6. Summary and Conclusion  
In order to develop a suitable collection of sugarcane varieties for biofuel production, it is 
imperative that the key biomass traits be evaluated. The results for the analysis of 331 
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samples from a sugarcane population demonstrated that it is possible to use the NIR 
spectroscopic methods to predict sugarcane biomass composition, allowing high-
throughput assessment of sugarcane germplasm, with acceptable accuracy compared to 
conventional wet chemistry. The employment of an NIR spectroscopic method in 
combination with HPLC can enable the semi-destructive, rapid profiling of sugarcane 
biomass samples. This method is suitable for screening large populations for biomass key 
traits to be included in breeding programs, enabling the generation of more efficient 
sugarcane varieties for biofuel production.  
Overall, based on the biomass compositional analyses of the 186 genotypes, it is 
concluded that this population possesses a wide variation in total solids, fiber and sugar 
content. This is a valuable resource for research on sugarcane biomass for biofuels. The 
identification of the contrasting genotypes, such as lowest and highest for total sugar, total 
fiber, cellulose content, hemicellulose individual components, lignin S/G ratio, and 
saccharification yield, would allow further investigation into this type of germplasm, for 
example, for association studies, to discover the candidate genes that control the traits of 
interest. The genetic information obtained would facilitate the selection of the sugarcane 
varieties and modification of sugarcane biomass for biofuel production (Furtado et al., 
2014). Having sugarcane biomass with less recalcitrant components would reduce the 
cost of pre-treatment and enzymes, and make the production of biofuels from biomass 
more feasible on a large scale. 
A total of 22 genotypes with varied fiber content from low to high were selected for 
transcriptome construction (Chapter 4) and transcript differential expression (Chapter 5). 
In general, the method used in this chapter produces enough information on the cell-wall 
composition to be associated with the gene expression data for association studies in 
Chapter 5. However, it is important to note that, despite the NIR-based method allowing 
high-throughput profiling of a large number of samples at a time to assess the fiber 
content, it does not afford a deep access into the cell-wall fine structures, compared to the 
conventional chemical compositional analysis. It was shown by de Souza et al. (2013) that 
the NIR-based methods were not able to evaluate important details related to lignin (due to 
a large amount of coumaric and ferulic acids that are not associated with lignin) and 
saccharification potential of the biomass sources. The saccharification and response of 
Miscanthus cell-walls to the enzymatic attack can be substantially limited by the way lignin 
is linked to other polysaccharides and the polysaccharide - polysaccharide interactions 
within the cell-walls (de Souza et al., 2013, De Souza et al., 2015).  
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Reference Database Using PacBio Isoform Sequencing 
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Abstract 
 
Despite the economic importance of sugarcane in sugar and bioenergy production, there is 
not yet a reference genome available. Most of the sugarcane transcriptomic studies have 
been based on Saccharum officinarum gene indices (SOGI), expressed sequence tags 
(SUCEST) and de novo assembled transcript contigs from short-reads. Hence the 
knowledge of the sugarcane transcriptome is limited in relation to transcript length and 
number of transcript isoforms. In this chapter, the sugarcane transcriptome was 
sequenced using PacBio isoform sequencing (Iso-Seq) of a pooled RNA sample derived 
from leaf, internode and root tissues, for different developmental stages, from 22 
genotypes, to explore the potential for capturing full-length transcript isoforms. A total of 
107,598 unique transcript isoforms were obtained, representing about 71% of the total 
number of predicted sugarcane genes. The majority of this dataset (92%) matched the 
plant protein database, while just over 2% was novel transcripts, and over 2% were 
putative long non-coding RNAs. About 56% and 23% of the total sequences were 
annotated against the gene ontology and KEGG pathway databases, respectively. A 
comparison with de novo contigs from Illumina RNA-Sequencing (RNA-Seq) of the 
internode samples from the same experiment and public databases showed that the Iso-
Seq method recovered more full-length transcript isoforms, had a higher N50 and average 
length of largest 1,000 proteins, whereas a greater representation of the gene content and 
RNA diversity was captured in RNA-Seq. Only 62% of PacBio transcript isoforms matched 
67% of de novo contigs, while the non-matched proportions were attributed to the inclusion 
of leaf/root tissues and the normalization in the PacBio protocol, and the representation of 
more gene content and RNA classes in the de novo assembly, respectively. About 69% of 
the PacBio transcript isoforms and 41% of de novo contigs were aligned with the sorghum 
genome, indicating the high conservation of orthologs in the genic regions of the two 
genomes. The transcriptome dataset obtained from this chapter should contribute to 
improved sugarcane gene models and sugarcane protein predictions, and will serve as a 
reference database for the analysis of transcript expression in sugarcane. 
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4.1. Introduction  
 
The understanding of the sugarcane transcriptome is limited due to the complexity in gene 
copy number, repetitive content, and heterozygosity in the genome (Grivet and Arruda, 
2002, Hotta et al., 2010). It is not clear how many transcript isoforms result from the 
alternative splicing in this potentially very complex transcriptome. Sugarcane is a polyploid 
hybrid between Saccharum officinarum and S. spontaneum, and each sugarcane hybrid 
has its own unique chromosome set (ranging from 80-140), containing up to 12 copies of 
each gene and a total ~35,000 predicted genes (Vettore et al., 2003, Souza et al., 2011). 
Therefore, it is expected that sugarcane transcripts represent transcription of 
genes/homoelogues that are not only unique to the progenitor genomes but also a 
transcription from alternate splicing, which is collectively referred to as transcript isoforms, 
hereafter. Sugarcane genes, such as those in the sucrose phosphate synthase (SPS) 
gene families (Castleden et al., 2004, McIntyre et al., 2015), invertase genes (Sachdeva et 
al., 2003) and sucrose synthase family (Carson and Botha, 2002b, Zhang et al., 2013), 
have been shown to be comprised of many isoforms. Most of the sugarcane studies, 
including transcriptome studies found in the literature, i.e. in Cardoso-Silva et al. (2014) 
and Park et al. (2015), have been based on sorghum genomic/transcript sequences 
(Paterson et al., 2009) which have the highest gene synteny and orthologous alignment 
with the sugarcane genome (Figueira et al., 2012); sugarcane expressed sequence tags 
(ESTs) (Vettore et al., 2001); Saccharum officinarum gene indices - SOGI v3.0 (DFCI, 
2016) representing ~90% of the estimated genes in S. officinarum (Vettore et al., 2003, 
Hotta et al., 2010); and other resources (reviewed in Manners, 2011). Studies based on 
these databases have provided useful information on the sugarcane transcriptome, while a 
whole genome sequence is not yet available. However, it is thought that there are still 
many sugarcane genes missing in these databases (Vicentini et al., 2012) and, in addition, 
the full-length (FL) sequences of distinct transcript isoforms are not included. Use of these 
transcript databases for RNA-Seq analysis, leading to the identification differentially 
expressed genes, does not provide information on the corresponding isoform/s or the 
homoelogue/s contributing to the differential expression. There is a need to construct FL 
transcript sequences, including such isoforms, to facilitate an analysis of isoform 
differential expression, and also to extend our understanding of the sugarcane 
transcriptome. 
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The transcriptome poses a great challenge when it comes to assembly and annotation. 
The differences in transcript abundance and the presence of different isoforms, greatly 
challenge the assembly of a transcriptome from short-reads (such as those from Illumina 
or Ion Torrent sequencing platforms), since the assemblers cannot distinguish between 
reads originally from different transcripts/isoforms carrying the same exons (Bernard et al., 
2014). To date, most sequencing platforms offer a read-length which is shorter than the 
typical length of a eukaryotic mRNA (ranging between 1-2 kb, including a methylated cap 
at the 5’ end and poly-A at the 3’ end) (Rastogi, 2006). The transcriptome sequences 
obtained from second generation sequencing technology (i.e. Illumina RNA-Sequencing, 
RNA-Seq) have been playing an important role in capturing the diversity in the RNA 
populations at a greater sequencing depth (Cardoso-Silva et al., 2014, Vicentini et al., 
2015, Dharshini et al., 2016). However, a precise prediction and identification of the 
alternative transcript splicing has not been possible. Algorithms in transcript splice-aware 
assemblers, for examples, Trinity (Haas et al., 2013), SOAP-denovo Trans (Xie et al., 
2014), TransAbyss (BC Cancer Agency, 2016), have been developed to detect splicing 
junctions and recover transcript isoforms by using information from short-reads, but these 
have not always been confirmed. That is, quite often these approaches overestimate and 
report spurious computational isoforms rather than picking up only biological ones. Overall, 
the assemblies from short-read data normally end up identifying more transcripts than 
expected (for an example, see Duan et al. (2012)), which may be attributed not only to the 
diversity of RNAs and diversity of transcript/isoforms in the transcriptome, but also to the 
limitation in recovering FL transcripts. Most studies use these tools, then filter the 
transcripts through clustering by retaining the longest sequence in each cluster as 
representative for analysis, and consider them to be the major isoforms or unigenes 
(Cardoso-Silva et al., 2014, Vicentini et al., 2015). Current algorithms, such as in Bernard 
et al. (2014) for isoform identification and quantification, require longer reads and cannot 
tackle genes with too many exons. With the advent of third generation sequencing 
technology, the cost-per-transcriptome has been reduced, whereas the length of the 
sequencing reads has been increased significantly. As of August, 2016, the average read 
length of PacBio Single Molecule, Real-Time (SMRT) sequencing is >10 kb and real 
length can be up to 60 kb (PacBio, 2016). This technology provides an ability to generate 
long read transcripts and characterize them using the protocol called Isoform Sequencing 
(hereafter referred to as Iso-Seq). This protocol has been applied in some recent studies; 
for example, in detecting 10,053 alternative splicing events in 27,860 unique transcripts 
(40.7% novel), covering ~89% of the total sorghum annotated genes (Abdel-Ghany et al., 
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2016), and producing 111,151 unique transcripts (57% novel transcripts) in the maize 
transcriptome derived from six different tissues, covering ~70% of the annotated genes 
(Wang et al., 2016). 
4.2. Hypothesis and Aims 
The publicly available resources for sugarcane genomics and transcriptomics such as 
SOGI and SUCEST database were thought to only represent ~90% of the total predicted 
genes in the sugarcane genome. The length of ESTs, contigs and tentative contigs (TCs) 
in these databases are in the range from 100 bp to 20 kb, and some are not suitable for 
transcript differential expression analysis using the current read length (i.e. 150 bp). 
Therefore, in the case of sugarcane, the best contigs or transcriptome to be used for 
transcript differential expression analysis would be the transcript contigs that are derived 
directly from the samples, since they represent the samples the best. Therefore, it is 
necessary to construct the transcriptome assembly from the samples prior to differential 
gene expression analysis. 
In most studies found in the literature, the analyses were based on the main isoforms of 
the genes (or unigenes). The reason for this could be due to the uncertainty of the 
identification of different isoforms by the assemblers, which were designed for short-reads 
sequences. However, the transcript alternative splicing which is often observed in the 
eukaryotic cells, results in many more transcripts than gene number in a given genome. It 
is expected that there are different spliced isoforms of each gene present in the sugarcane 
transcriptome. Due to the fact that alternative spliced transcripts from the same genes 
share common exons or introns, depending on the types of alternative splicing, in 
transcriptome de novo assembly from Illumina short-reads, these reads are normally 
assembled into the same contigs. These contigs are attributed to the main isoforms or 
genes. It is hypothesized that the full-length Iso-Seq from PacBio will resolve the 
limitations of the short-read technology and recover intact full-length transcripts of different 
alternative spliced isoforms. 
The aims of this chapter were to construct the first full-length transcriptome reference 
sequences from sugarcane derived from three different tissue types, of different 
developmental stages, by using the PacBio long-read Iso-Seq technique. In addition, RNA-
Seq was used to improve the PacBio transcript isoforms by error correction, and to allow 
comparison between transcripts obtained/assembled from these two different platforms. 
Annotation of the sugarcane FL transcript isoforms could improve sugarcane genome 
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models, contribute towards understanding of the complexity of the sugarcane genome, 
and serve as reference sequences for differential expression analysis in the future. 
4.3. Materials and Methods 
4.3.1. Sample selection and preparation 
Six leaf samples, 40 internodal samples and four root samples were collected, including 22 
commercial and introgressed sugarcane genotypes (Table 4.3.1), provided by SRA, 
Australia. The sugarcane genotypes were selected based on the biomass profiling of the 
population described in the Chapter 3, including those which exhibited a fiber content 
ranging from low to high.  
Table 4.3.1 Sugarcane genotypes used for RNA extraction 
Sample 
type 
Genotype 
Fiber 
(%)* 
Female Male Type 
Leaf 
KQ228A 34.18 QN80-3425 CP74-2005 Commercial hybrid 
Q208 36.61 Q135 QN61-1232 Commercial hybrid 
Culm** 
QC02-402 31.39 QN91-295 Q200 Commercial hybrid 
QA02-1009 43.36 QN87-1169 QN79-1227 Commercial hybrid 
QN05-1460 42.97 QS91-7179 QS88-9095 Commercial hybrid 
QN05-1743 34.62 QN92-157 QN90-1820 Commercial hybrid 
QN05-1509 40.43 QN85-1446 QC88-139 Commercial hybrid 
QS99-2014 31.21 QA88-1178 Q205 Commercial hybrid 
QA96-1749 46.33 Q224 Q184 Commercial hybrid 
Q241 39.61 Q138 SP72-4728 Commercial variety 
Q200 37.60 QN63-1700 QN66-2008 Commercial variety 
QN05-803 47.74 QN86-1659 Q142 Commercial hybrid 
KQB07-23863 45.70 KQ228A MQB89-12554 BC1 (S. spontaneum) 
KQB08-32953 32.49 QBYN04-26042 QC91-580 BC2 (S. spontaneum) 
KQB07-23990 36.25 Q208 MQB89-12212 BC1 (S. spontaneum) 
KQ08-2850 43.84 QBYC06-30101 MQ239 BC3 (E. arundinaceus) 
KQB07-24619 47.52 KQ228A MQB88-10850 BC1 (S. spontaneum) 
KQB07-24739 48.20 QBYC04-10559 N29 BC1 (S. spontaneum) 
QBYN04-26041 44.95 ROC25 YN2002-356 BC1 (S. spontaneum) 
KQB09-23137 33.53 QC90-353 MQB89-12216 BC1 (S. spontaneum) 
KQB09-20620 39.88 KQ228A QBYN05-10420 BC1 (S. spontaneum) 
KQB09-20432 49.79 KQ228A QBYN05-10390 BC1 (S. spontaneum) 
Root 
KQ228A 34.18 QN80-3425 CP74-2005 Commercial hybrid 
Q208 36.61 Q135 QN61-1232 Commercial hybrid 
*%Fiber on total dry mass (total solids). BC1, BC2 and BC3 are introgressed genotypes. 
**Samples were used for RNA-Seq in Section 4.3.5, while all were used for PacBio Iso-
Seq 
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To obtain a good representation of sugarcane transcriptome, samples were collected from 
different developmental stages. Leaves from the first, third and fifth visible dewlap of 
mature sugarcane plants; the fourth internodes from the top and the third internode from 
the bottom of mature sugarcane plants (details in Section 5.3.1); and immature and 
mature roots from immature potted sugarcane plants, were collected (Figure 4.3.1). 
Immature root was defined as 10 cm of the lower most root ends (containing the apical 
meristems and root caps), while mature root was 10 cm long from 2 cm underneath the 
stem crown (containing less developing tissue). Three replicates were collected and 
pooled for each leaf and root stage, while four representative culms were pooled for each 
internode sample. The samples were snap-frozen in liquid nitrogen within 1 min after being 
excised and stored at -80oC until RNA extraction. Prior to RNA extraction, frozen samples 
were pulverized using a Retsch TissueLyser (Retsch, Haan, Germany) at a frequency of 
30/S for 1 min 30 sec. About 1 g of pulverized sample powder was used for RNA 
extraction. 
 
Figure 4.3.1 Sugarcane sample collection from leaf (a), internodal (b) and root (c) 
tissues used for RNA extraction. 
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4.3.2. RNA extraction  
RNA extractions were conducted using a two-step protocol as described in Furtado 
(2014b) employing a Trizol kit (Invitrogen), followed by a Qiagen RNeasy Plant minikit 
(#74134, Qiagen, Valencia, CA, United States). The RNA quality, integrity and quantity 
were determined by a NanoDrop8000 spectrophotometer (ThermoFisher Scientific, 
Wilmington, DE, U.S), and on a Agilent Bioanalyser 2100 with the Agilent RNA 6000 Nano 
kit (Agilent Technologies, Santa Clara, CA, U.S). All culm and root RNA had RIN >7.5 
(Appendix III-a) and all leaf RNA had RIN >6.6 (Appendix III-b) due to the presence of 
additional chloroplast rRNA peaks in the Bioanalyser profiles which altered the RIN and 
rRNA 26s/18s ratio (Babu and Gassmann, 2011). For PacBio Iso-Seq, two-rounds of 
sample pooling were carried out. At first, three pooled samples were produced by 
combining 4 µg each of 6 leaf RNA samples, 40 internodal RNA samples and 4 root RNA 
samples, respectively. Secondly, 10 µg each of three pooled samples was mixed to form 1 
single sample, for cDNA library construction. For Illumina RNA-Seq, an indexed library of 
40 internodal RNA samples was prepared and sequenced. 
4.3.3. PacBio isoform sequencing (Iso-Seq) 
The PacBio Iso-Seq Protocol was used employing Clontech SMARTer PCR cDNA 
Synthesis Kit and BluePippin Size-Selection System, with the following modifications. Two 
cDNA libraries, with and without the cDNA normalization step, were prepared on the 
pooled RNA sample, to ensure that the highly abundant, intermediate abundant and rare 
transcripts were well covered. The non-normalized library was prepared using the 
SMARTer PCR cDNA synthesis kit (ClonTech, Takara Bio Inc., Shiga, Japan) and KAPA 
HiFi PCR kit (Kapa Biosystems, Boston, U.S). Approximately 2 µg of total RNA of pooled 
sample was subjected to a single-step of cDNA first strand synthesis by Clontech 
SMARTer Kit. For PCR amplification of the cDNA, a total of 18 cycles was run, using 
KAPA HiFi enzyme from KAPA kit. An aliquot of amplified cDNA was normalized by 
Trimmer-2 kit (Evrogen, Moscow, Russia), which relies on the nucleic acid hybridization 
(Zhulidov et al., 2005) and unique properties of duplex-specific nuclease (DSN) isolated 
from Kamchatka crab (Shagin et al., 2002). The amplified double stranded cDNA was 
hybridized and subjected to 4 DSN treatments, containing 1U DSN, 0.5U DSN, 0.25U DSN 
and 0U DSN (control). To recover the normalized cDNA, a total of 18 PCR cycles were 
performed using KAPA HiFi enzyme. The cDNA treated with 1U DSN was selected as the 
normalized sample for sequencing. All other detail of cDNA library preparation is 
presented in Figure 4.3.2. 
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Figure 4.3.2 Non-normalized and normalized cDNA libraries used in this study. a, 
RNA profiles of individual sample pooling and all sample pooling in Bioanalyser. b, Two 
non-normalized samples on agarose 1.2%, mouse RNA was used as control. c, Results of 
normalized cDNA samples treated with 1U and 0.5U DSN. d, A comparison between the 
non-normalized and normalized cDNA profiles.  
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The cDNA libraries were size-fractionated according to the PacBio Iso-Seq protocol, 
employing the BluePinpin system (Sage Science Inc., Beverly, MA, U.S). Four non-
normalized cDNA bins (0.5-2.5 kb, 2-3.5 kb, 3-6 kb, and 5-10 kb), and 2 normalized cDNA 
bins (0.5-2.5 kb and 2-3.5 kb) were amplified separately to recover enough cDNA for 
sequencing (each bin required 8 μg). The size selection, PCR amplification and 
sequencing of six SMRT cells, were conducted on a PacBio RS II instrument, at the 
Ramaciotti Centre for Genomics, The University of New South Wales, Australia.  
4.3.4. PacBio Iso-Seq data processing and read correction  
The .bax.h5 file generated from SMRT sequencing was processed following the 
RS_IsoSeq protocol through the SMRT analysis package v2.3.0 (PacBio), by first running 
the python script pbtranscript.py to separate the FL non-chimeric, non-FL and chimeric 
reads of interest (ROI). The chimeras, artificial concatemers and fusion genes were 
removed at this step. The FL, non-chimeric ROIs were determined by having the 5’prime-, 
3’prime- adapters and a polyA tail (Pacific Biosciences, 2016b). Subsequently, the adapter 
sequences and polyA tails were removed. Only FL, non-chimeric ROIs were kept for 
downstream analysis. The FL, non-chimeric sequences were clustered by Iterative 
Clustering for Error Correction (ICE) to generate the cluster consensus of all FL, non-
chimeric and non-FL, non-chimeric sequences. This error self-correction (polishing) was 
performed by a quality-aware algorithm of the Quiver software, to finally obtain the FL 
polished consensus sequences (Pacific Biosciences, 2016a). The non-redundant polished 
dataset consisted of high quality (expected accuracy ≥99%, or QV≥30) and low quality 
transcripts (expected accuracy <99%, due to insufficient coverage or deriving from rare 
transcripts). More details see Figure 4.3.3. 
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Figure 4.3.3 PacBio Iso-Seq data processing and error correction (self-correction 
and by Illumina RNA-Seq read data) (adapted from Pacific Biosciences). 
 
Even though, the error rate was reduced in PacBio Iso-Seq, compared to ~15% in normal 
PacBio sequencing (Au et al., 2013), by generating consensus reads from several passes 
of the circular cDNA, and by self-correction, the analysis of transcript prediction, 
transcriptome completeness, and homology search against known protein database, 
indicated that the PacBio transcript isoforms still contained significant errors. A further 
correction was performed by using Illumina RNA-Seq reads of the same experiment, and 2 
other packages, proovread (Hackl et al., 2014) and Long-Read De Bruijn Graph Error 
Correction (LoRDEC) (Salmela and Rivals, 2014). Default parameters were applied in 
proovread, while parameters of -t 5 -b 200 -e 0.4 -s 3, and k-mers 21 and 25 were used in 
LoRDEC.  
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4.3.5. Illumina RNA-Seq and de novo assembly of the short-reads  
About 3 µg of each of the 40 internodal RNA samples (from 20 genotypes in Table 4.3.1, 
one top and one bottom tissue sample for each genotype) was used for the indexed-library 
preparation (average insert size of 200 bp), employing the TruSeq stranded with Ribo-Zero 
Plant Library Prep Kit for total RNA library (Illumina Inc.). The library was sequenced by an 
Illumina HiSeq4000 instrument to obtain 150 bp paired-end read data, at the Translational 
Research Institute, UQ, Australia. Read adapter and quality trimming was done in CLC 
Genomics Workbench v9.0 (CLC-GWB, CLC Bio-Qiagen, Aarhus, Denmark) with a quality 
score limit of <0.001 (Phred Q score ≥30), allowing a maximum of two ambiguous 
nucleotides, and removal of reads below 75 bp. Only paired-end reads were kept, and 
concatenated into one interleaved paired-end read file, prior to de novo assembly. Reads 
matching sugarcane chloroplast genome (GenBank: KU214867) and sorghum 
mitochondrial genome (NC_008360.1) were removed using k-mer 31 in BBDuk tool from 
BBmap v36.02 (BBMap, 2016). 
The de novo assembly pipeline, including read digital normalization, contig assembly and 
clustering, were performed on non-normalized and normalized reads. Reads were 
normalized by the perl script insilico_read_normalization.pl (Trinity package) for Trinity; 
and the two-pass BBnorm tool for read error correction and normalization (BBmap), for 
other assemblers. A combined strategy of multiple assemblers and multiple parameters, 
which was shown to perform better than a single assembler/parameter approach for the 
transcriptome of polyploid species (He et al., 2015), was run on Trinity r2013-08-14 
(Grabherr et al., 2011a), CLC-GWB, Velvet/Oases v1.2.10 (Schulz et al., 2012) and 
SOAPdenovo-Trans v1.03 (Xie et al., 2014).  
Two settings of k-mer 25 and k-mer 31 were applied in Trinity. Multiple combinations of 
word sizes (25, 35, 45, 55 and 64) and bubble sizes (200, 1,200 and 2,200), fast setting 
and no scaffolding, were employed in CLC-GWB. To remove the redundancy, all CLC-
GWB derived contigs were pooled and clustered using CD-HIT-EST v4.6.5 (Fu et al., 
2012) with 95% identity, to obtain one final representative assembly. In Velvet/Oases, 
multiple k-mers from 25 to 125 with a step size of 10 were applied using the velveth to 
generate roadmaps of reads, then a merged assembly of preliminary contigs was formed 
by using the velvetg at each k-mer. Another run using velveth of k-mer 27 and velvetg 
(conserving long contigs) on the pooled contigs of all k-mers was run to generate the 
velvet merged assembly. Finally, the merged assembly was clustered by Oases, using the 
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following settings: -merge yes -cov_cutoff 5 -edgeFractionCutoff 0.01 -min_trans_lgth 300. 
Likewise, a k-mer range of 25 to 125 with a step size of 10 were used in SOAPdenovo-
Trans. The resultant contigs were clustered by CD-HIT-EST with 95% identity. Finally, all 
four assembler-derived assemblies were pooled together and clustered by CD-HIT-EST 
with 95% identity, to obtain the RNA-Seq de novo assembly.  
4.3.6. Data availability 
All PacBio Iso-Seq and Illumina RNA-Seq data generated for this thesis were deposited at 
DDBJ/EMBL/GenBank under the BioProject PRJNA356226. The raw PacBio reads of 
inserts are available with the SRA database accession numbers SRR5259105- 
SRR5259110 (inclusive, for the 6 bins). The TSA project for the corrected PacBio Iso-Seq 
transcriptome is under the accession GFHJ00000000. The version described in this thesis 
is the first version, GFHJ01000000 with 1 of the 107,598 sequences further removed by 
NCBI due to contamination. The SRA accession numbers for RNA-Seq raw read data are 
from SRR5258946 to SRR5259025 (80 accessions). The TSA project for the Illumina 
RNA-Seq de novo assembly is under accession GFLP00000000. The version described in 
this thesis is the first version, GFHJ01000000 with 12,315 (1.4%) of the 906,566 
sequences further removed by NCBI due to contamination. 
4.3.7. Read mapping analysis 
To make a preliminary assessment of the transcript composition captured in the 
assemblies, and to determine how well the transcripts represent the samples, all RNA-Seq 
reads were mapped back to each of assemblies. The setting of length fraction (1.0), 
similarity fraction (0.8), mismatch cost (2), gap (insertion and deletions) cost (3) were used 
in CLC-GWB. The percentage of reads aligned to each assembly was used for 
comparison among various assemblies. 
4.3.8. Transcriptome completeness analysis  
A protein set from 248 ultra-conserved Core Eukaryotic Conserved Genes (CEGs) (Parra 
et al., 2009) was employed in CEGMA (Core Eukaryotic Genes Mapping Approach) v2.5 
(Parra et al., 2007), while a set of selected 956 Plantae conserved orthologous proteins 
was used in BUSCO (Benchmarking Universal Single-Copy Orthologs) v1.21 (Simão et al., 
2015), to assess the completeness of the conserved content in the transcriptome 
assemblies. The percentage of transcripts that were fully aligned (≥70%), partially aligned 
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to the conserved proteins, and percentage of missing proteins, were obtained and 
compared. 
4.3.9. Counting the full-length transcripts 
The assembly was compared against the Viridiplantae protein database (UniProt, 2016) 
using BLASTX (BLAST+ v2.3.0) with an e-value 1e-20, and only the best hit was 
considered. The number of transcripts that appear to be FL or nearly FL (having ≥90% and 
≥70% alignment coverage to known proteins) was counted using the Perl script 
analyze_blastPlus_topHit_coverage.pl from Trinity package, and compared between the 
assemblies. Additionally, this method was adopted by using a set of 164 selected genes 
from sugarcane, sorghum, maize and other species to assess the ability in capturing these 
genes in FL in the assemblies. The presence and alignment of these known genes were 
also used in assessing the quality of the assemblies.  
4.3.10. Open reading frame and coding potential analysis  
The open reading frames (ORFs) were detected by using the package TransDecoder 
(TransDecoder, 2016) with a minimum length of 100 amino acids (aa), a log-likelihood 
score to each of six reading frames, and multiple ORFs were allowed to be reported for a 
single transcript. The candidate coding regions (the longest ORF amongst the overlapped 
frames) were extracted by transDecoder.LongOrfs. The candidate ORFs were subjected to 
homology search against the Pfam protein domain database, using HMMER v3.1b2 
(HMMER, 2016); and the UniProt Viridiplantae protein database using BLASTP (BLAST+ 
v2.3.0), e-value 1e-5. Finally, all candidate ORFs with the Pfam domain and BLASTP hits 
were retained by transDecoder.Predict module.  
Alternatively, the tr2aacds pipeline (EvidentialGene package v2013.07.27, (Gilbert, 2013, 
EvidentialGene, 2016), hereafter, referred to as Evigene) was used to predict the best 
main and alternate transcripts from the potential coding sequences in the assemblies. The 
sequences then were clustered based on the amino acid sequences generated to remove 
the redundancy and for the best coding amongst each of the clusters by exonerate-2.2.0 
(Exonerate, 2016), CD-HIT-EST (with 100% identity) and BLASTN (BLAST+ v2.3.0), (with 
an e-value of 1e-19). The total CDS sequences, total predicted transcripts (main and 
alternate), the % dropped CDS and the average length of 1,000 longest proteins, were 
used to compare between the assemblies. 
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4.3.11. Characterization of non-coding RNAs 
Sequences with ORFs ≥100 aa were filtered out, after which the remaining sequences 
were characterized for potential non-coding RNAs, including small RNAs, microRNAs and 
long non-coding RNAs (lncRNAs). The proportion of the candidate long non-coding RNAs, 
which were longer than 300 bp and did not exhibit ORF ≥100 aa, were investigated. 
4.3.12. Repeat content analysis 
The transposable element (TE) domains present in the data were identified by 
RepeatMasker v4.0.6 (Smit et al., 2015), using the sensitive search engine: cross_match 
v1.090518 (Cross_Match, 2016), repbase complete database release 20150807 (GIRI, 
2016), RepeatMasker database v20150807 and Dfam 2.0 library (Hubley et al., 2016). A 
customized repeat library was built, including 174 ancestral and ubiquitous sequences, 
and 7,851 linear specific sequences for Viridiplantae.  
The MISA program v1.0 (MISA, 2016) was used to detect the simple sequence repeats 
(SSRs) in the assemblies. Only the motifs having two to six nucleotides were considered, 
and sequences with two or more SSRs with maximum interrupted length of 100 bp were 
considered as SSRs present in compound formation. 
4.3.13. Transcript annotation 
All transcript sequences were compared against the NCBI NT nucleotide database 
(BLASTN), the Viridiplantae proteins, sorghum proteins (Phytozome, 2016) (BLASTX), and 
sugarcane EST database (SUCEST-FUN Database, 2015) (BLASTN), at an e-value 1e-
5. Gene names were assigned to the highest scored hit. 
The data was compared against the sugarcane chloroplast genome, sorghum 
mitochondrial genome and maize mitochondrial genome (GenBank: NC_007982), to 
detect the chloroplast and mitochondrial genes captured in assemblies. The transcription 
factor (TF)-encoding transcripts were annotated by comparing against the plant 
transcription factor database (PlantTFDB v3.0) (PlantTFDB v3.0 Database, 2016) and 
sugarcane transcription factor database (9,672 TFs from 48 TF families) (Grassius, 2016).  
Further transcript functions were annotated by RunIproScan v1.1.0 (RunIprscan, 2016), 
using InterProScan-5.19-58.0 (Mitchell et al., 2015), mapping against the known protein 
domain database, ORF ≥30 aa. GO terms were enriched and plotted by WEGO (Ye et al., 
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2006). Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway mapping was done 
on the KEGG Automatic Annotation Server (KAAS) v2.0 (Moriya et al., 2007), taking all 
plant species as references, GHOSTX and bi-directional best hit method.  
4.3.14. Comparative analysis with closely related species 
Transcripts were aligned to sorghum genome v2.0 (Phytozome, 2016) using GMAP 
(genome mapping and alignment program) (Wu and Watanabe, 2005) with 80% identity 
and 90% coverage threshold to compare between the two genomes. SAMtools v1.2 (Li et 
al., 2009) were used to analyse the mapping files.  
4.4. Results 
4.4.1. Sugarcane transcriptome from PacBio isoform sequencing 
A pooled sample representing polyA RNAs from three tissues (leaf, internode and root), of 
different developmental stages (immature and mature) was sequenced to obtain a wide 
coverage of the sugarcane transcriptome. A total of 290,393 reads of insert (ROIs) was 
generated, with a total of 548,763,750 nucleotides from six SMRT cells of non-normalized 
bins (0.5-2.5 kb, 2-3.5 kb, 3-6 kb and 5-10 kb) and normalized bins (0.5-2.5 kb and 2-3.5 
kb), including 186,999 (64%) FL non-chimeric ROIs and 103,394 (36%) non-FL ROIs. The 
length of ROIs ranged from 300 bp to 53,235 kb, with an N50 of 2,408 bp. The length 
distribution of all ROI data is presented in Figure 4.4.1. A total of 65,715 high quality 
sequences and 41,891 low quality sequences were obtained from Quiver polishing, 
referred to as polished transcript isoforms. The total unique, non-redundant transcript 
isoforms (clustered further by CD-HIT-EST 100%) included 107,604 sequences, with the 
length ranging from 301 bp to 18,548 bp, N50 of 1,994 bp and N75 of 1,271 bp and 
48.90% GC content.  
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Figure 4.4.1 Length (bp) distribution of all sugarcane PacBio Iso-Seq reads of insert 
(ROIs) 
 
4.4.2. Improving PacBio transcript quality by error correction using RNA-Seq reads 
Two error correction pipelines (proovread and LoRDEC) were tested, using three datasets 
from RNA-Seq derived from the same experiment; 586,360,045 non-normalized reads, 
378,337,000 reads BBnorm-normalized and 213,165,230 trinity-normalized reads. Overall, 
the error correction led to an improvement in transcript prediction, more transcripts 
covered the full-length of known proteins, longer open reading frames (ORFs), better 
completeness results in CEGMA/BUSCO assessments, and higher alignment rate of 
transcript isoforms to the sorghum genome. This only resulted in a slight change in the 
total number of transcripts isoforms after removing all exact 100% identical sequences. 
The LoRDEC error correction outperformed proovread with this transcript data. The best 
corrected set was derived from LoRDEC using the Trinity-normalized reads, which 
resulted in 42.9% of the total transcripts with ORFs passing the Evigene score in transcript 
prediction, while that of the non-corrected transcripts was only 14.6% (Table 4.4.1, for 
details, see Appendix IV).  
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Table 4.4.1 Summary of correction of PacBio transcript isoform data using Illumina 
short-reads 
Analysis   
PacBio non-
corrected 
LoRDEC Trinity 
normalized reads 
Total transcripts  107,604 107,598 
Evigene prediction Okay transcripts 18,190 51,025 
 Main transcripts 14,124 25,012 
 Alternate transcripts 4,066 26,013 
 GC% 61.8 51.4 
CEGMA alignment (%)  96.40 97.98 
BUSCO notation (%)  87.13 90.27 
ORFs detected Minimum 300 bp 243,637 252,491 
 ORF N50 (bp) 570 888 
Protein counts covered ≥90%  9.727 12,611 
Transcripts mapped to 
sorghum genome (%) 
  66.43 69.44 
 
There were 252,491 ORFs (with a N50 of 888 bp) detected by TransDecoder in this 
corrected PacBio transcript isoform set, compared to 243,637 ORFs (N50: 570 bp) for the 
non-corrected dataset. The retained ORFs with Pfam and Viridiplantae protein hits from 
the corrected dataset had an N50 of 1,158 bp, while that of the non-corrected was 708 bp. 
The CEGMA and BUSCO alignments showed that the corrected PacBio dataset had a 
higher completeness level than the non-corrected (CEGMA: 98% and 96%; BUSCO: 90% 
and 87%, respectively). About 69.4% of the corrected transcripts aligned to the sorghum 
genome, while the alignment of the non-corrected transcript isoforms was 66.4%. The 
PacBio dataset corrected by LoRDEC was chosen for down-stream analysis, using reads 
normalized by Trinity (hereafter referred to as PacBio transcript isoforms), for downstream 
analysis. This final PacBio transcript isoforms set had 107,598 sequences after removal of 
strictly identical sequences; of total length ~193 Mb, with individual transcript length 
ranging from 300 to 18,302 bp, N50 of 1,991, N75 of 1,269, and 49.02% GC content. 
4.4.3. de novo assembly of the sugarcane transcriptome from short-reads 
The assembly of the sugarcane transcriptome from Illumina RNA-Seq short-reads was 
carried out to provide a comparative reference for the transcript isoform sequences 
obtained from PacBio Iso-Seq, since RNA-Seq has been utilized widely in the construction 
of transcriptomes. Of 1,500 million total raw reads generated (paired distance estimated 
range of 64-302 bp), 1,015,845,414 reads survived after trimming, having a quality score 
cutoff of Q30. Trinity normalization retained only 6% (59,054,880 reads) at a maximum 
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coverage of 50, while retaining 15% (150,412,240 reads) and 21% (213,165,230 reads) at 
maximum coverage of 400 and 2,000, respectively. A QC report of all read datasets was 
generated by FastQC v0.11.5 (Andrews, 2010) (Figure 4.4.2). The use of BBnorm was 
selected due to the fact that Trinity normalization heavily reduced the reads compared to 
BBnorm at the same maximum coverage cutoff. About 37% (378,337,000 reads) of the 
total reads remained at maximum coverage 10,000 by BBnorm package for de novo 
assembly. 
After assembly and individual clustering, four initial assemblies were obtained from Trinity, 
CLC-GWB, Velvet/OASES, and SOAPdenovo-Trans, respectively. Varied contig number, 
N50, cumulative length and length distribution were observed in each of the assemblies. 
The total number of contigs from the Trinity-assembly was 431,255 (N50: 2,194 bp), while 
that from the CLC-GWB assembly was 508,239 (N50: 1,014 bp), Velvet/Oases assembly 
gave 798,345 (N50: 516 bp) and SOAPTrans assembly 289,705 (N50: 674 bp). Figure 
4.4.3 summarizes the de novo assembly results in this study, including all major statistics 
and QC. The final total number of contigs clustered by CD-HIT-EST at 95% identity and 
after removal of sequences longer than 10 kb, was 906,566, of ~967 Mb, having an N50 of 
1,671 bp, N75 of 745 bp and 43.67% GC. This clustered assembly was referred to as the 
de novo transcript contigs. 
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Figure 4.4.2 QC report of sugarcane RNA-Seq reads. Data are presented by columns. From left to right, all read data trimmed Q30 and 
minimum length of 75bp, read data normalized by Trinity maximum coverage of 50, 400, and 2000, respectively, read data normalized by 
BBnorm tool at maximum coverage of 10,000. 
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Figure 4.4.3 Comparison of de novo assemblies (Trinity, CLC-GWB, Velvet_OASES, SOAP-Trans and all-clustered) used in this 
study. a, Summary statistics by QUAST. b, Cumulative length. c, Contig length distribution. d, GC content. 
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When compared to PacBio transcript isoforms (Figure 4.4.4) by BLASTN (e-value 1e-
20, pairwise identity ≥75%, minimum bit score ≥100), 67.1% of the de novo transcript 
contigs (607,952 contigs) exhibited similarity to 61.9% of the PacBio transcript isoforms 
(66,653 isoforms). There were 32.9% of de novo transcript contigs (298,614) and 38.1% 
of PacBio transcript isoforms (40,945 isoforms) that were unique to each of the datasets. 
  
 
Figure 4.4.4 Blast comparison between sugarcane PacBio transcript isoforms and de 
novo contigs. 
 
 
4.4.4. Analysis of reads mapping back to transcripts  
In mapping back the RNA-Seq read data to transcripts from both PacBio and de novo 
transcripts, 86.8% of reads mapped back to PacBio transcript isoforms were observed, 
while 98.5% mapped to the de novo transcript contigs. Figure 4.4.5 shows the average 
coverage plotted against the transcript length for both assemblies.  
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Figure 4.4.5 Average coverage of sugarcane de novo contigs and PacBio isoforms 
obtained from read mapping. a, Coverage of de novo transcript contigs. b, Coverage of 
PacBio transcript isoforms. 
 
4.4.5. Transcriptome completeness analysis  
In both CEGMA and BUSCO alignments (Table 4.4.2), the PacBio dataset showed a lower 
completeness level than the de novo dataset. The PacBio transcripts had 96.8% CEGMA 
alignment (98.0% including partial CEGMA alignment), and the de novo assembly had 
97.6% CEGMA alignment (100% including partial CEGMAs). There were no missing 
CEGMA in the de novo transcript contigs, and there was 2.0% missing CEGMAs (5 out of 
248 CEGMA proteins) in the PacBio dataset. Similarly, in BUSCO alignment to 956 
conserved proteins, the PacBio transcript isoforms had lower completeness than that of de 
novo assembly, by having 83.6% completeness compared to 93.0% (90.3% and 97.7%, 
respectively, when fragmented BUSCOs were counted). The de novo assembly had a 
higher level of duplication in the BUSCO alignment, suggesting that the assembly contains 
duplicate contigs of different lengths (defined as isoforms) assembled by different 
assemblers and retained after clustering. Using the same CEGMA and BUSCO protein 
alignments, the unigene dataset from Cardoso-Silva et al. (2014) and the SOGI database 
were assessed to determine the consistency of the methods. The unigenes had 90.3% 
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(95.6% including partials) CEGMA completeness, 79.6% (91% including fragmented) 
BUSCO completeness; and the SOGI dataset had 62.9% (87.5%) CEGMA completeness 
and 46.7% (81.1%) BUSCO alignment completeness. The SOGI dataset had the largest 
proportion of partial/fragmented (24.6% CEGMA and 34.4% BUSCO) and missing proteins 
(12.5% CEGMA, 18.9% BUSCO), since this dataset contained gene indices and ESTs 
(fragmented mRNAs).  
 
Table 4.4.2 Transcriptome coverage analysis based upon CEGMA and BUSCO 
alignment 
CEGMA alignment 
Assembly 
PacBio 
isoforms 
de novo 
contigs 
Unigenes* SOGI 
Contig count 107,598 906,566 72,269 121,342 
Total CEGs protein used 248 248 248 248 
Complete CEGs count 240 242 224 156 
Completeness (%) 96.77 97.58 90.32 62.9 
Partial CEGS 3 6 13 61 
Partials (%) 1.2 2.4 5.2 24.6 
Missing CEGs 5 0 11 31 
Missing (%) 2.02 0 4.44 12.5 
Total CEGs 243 248 237 217 
Complete and partial CEGs (%) 97.98 100 95.56 87.50 
BUSCO notation alignment 
Assembly 
PacBio 
isoforms 
de novo 
contigs 
Unigenes* SOGI 
Total complete (%) 83.58 92.99 79.6 46.65 
Single copy BUSCOs (%) 17.15 10.04 63.81 26.67 
Duplicated BUSCOs (%) 66.42 82.95 15.79 19.98 
Fragmented BUSCOs (%) 6.69 4.71 11.4 34.41 
Missing BUSCOs (%) 9.73 2.30 9.00 18.93 
Complete and fragmented (%) 90.27 97.70 91.00 81.07 
*Unigenes from Cardoso-Silva et al. (2014). 
 
4.4.6. Counting the full-length and nearly full-length transcripts 
The number of transcripts appearing to be full-length with at least 90% and 70% alignment 
coverage of the Viridiplantae UniProt proteins was estimated and compared between 
PacBio transcript isoforms and de novo transcript contigs (Figures 4.4.6a and b). The 
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PacBio dataset had 12,611 transcripts appearing to be full-length (≥90% alignment 
coverage), and 18,192 transcripts (≥70% alignment coverage of the known proteins), and 
that of the de novo transcript contigs were 13,704 and 24,983 at 90% and 70%, 
respectively. Analysis of the matched proteins at the cutoff of 70% alignment coverage from 
both assemblies indicated that only 11,599 proteins (37% total hits) were common between 
these two assemblies, with 6,593 (21%) unique to PacBio dataset, and 13,384 (42%) 
unique to the de novo transcript contigs. 
 
Figure 4.4.6 Full-length analysis between sugarcane PacBio transcript isoforms and 
de novo transcript contigs. a, Counts of proteins covered by transcripts at different 
thresholds. b, Comparison between the protein hits from PacBio and de novo transcripts 
which covered at least 70% Viridiplantae protein length. c, Assessment using 164 selected 
genes, numbers in the graph denote the number of genes was covered at given %. 
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These above results considered each protein from the UniProt database as only one count, 
regardless of the presence of different isoforms that carry the same protein sequence part 
(i.e. represented in the database as only domain part) getting matched many times. A 
modified approach to counting the full-length transcripts for isoforms was applied, in which 
all counts of isoforms that hit the same protein were taken into consideration and estimated 
the number of full-length proteins covered. Using this strategy, it was found that in the 
PacBio data, 39,999 transcripts covered ≥90% of Viridiplantae proteins and 59,725 
transcripts covered ≥70% of Viridiplantae proteins. In the de novo transcript contigs, 33,762 
and 76,865 proteins were covered by transcripts at levels of ≥90% and ≥70%, respectively. 
De novo transcript contigs had more transcripts covering the proteins at lower percentage 
due to the greater duplication retained in the assembly, and inclusion of more partial gene 
content. When protein hits of ≥90% alignment coverage from the two results were 
compared, the unique protein hits of PacBio was 12,611 and de novo was 13,704, which 
were the same as in the first approach.  
Another analysis against a set consisting of 164 full-length genes showed that PacBio 
dataset resulted in a better performance in terms of recovering the full-length sequence of 
these specific genes (Figure 4.4.6c). At an e-value 1e-20, there were more genes covered 
by transcripts at 90% (103 genes) and 70% (144 genes) in PacBio transcript isoforms than 
that in de novo transcript contigs (87 genes and 130 genes), unigene set (48 and 89 genes) 
and SOGI database (22 and 55 genes), respectively. The lower full-length gene count in 
unigenes could be due to only main isoforms being retained for this dataset, while lower 
full-length gene count in SOGI database could be due to the fraction of ESTs in it. 
 
4.4.7. Evidence of alternative splicing in the sugarcane transcriptome from PacBio 
Iso-Seq 
Using the results from PacBio transcript isoforms mapped against the sorghum genome 
(Figure 4.4.7a), our in-house sugarcane whole genome assembly from sugarcane cultivar 
Q155 (Figure 4.4.7b) and particular contigs that spanned through the sucrose phosphate 
synthase A and cellulase 6 genes (Figure 4.4.7c), alternative splicing in the PacBio 
transcript isoforms, were observed. Using the Transcriptome Analysis Pipeline for Isoform 
Sequencing (TAPIS) described in Abdel-Ghany et al. (2016), 4,870 alternative splicing 
events were detected amongst those transcript isoforms aligned against the sorghum 
genome, including 1,302 (26.7%) intron retention, 559 (11.5%) skipped exon, 1,365 
(28.0%) alternative 5’ splice sites and 1,644 (33.8%) alternative 3’ splice sites. An 
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estimation of exons per transcripts amongst the transcript isoforms aligned against the 
sorghum genome is also included (Figure 4.4.7d). 
 
Figure 4.4.7 Evidence of different transcript isoforms of sugarcane transcriptome 
present in the PacBio transcript dataset. a, Isoforms aligned against the sorghum 
chromosome 1. b, Isoforms aligned to contigs of our in-house sugarcane whole genome de 
novo assembly. c, Different transcript isoforms aligned to sucrose phosphate synthase 
gene and cellulase gene contigs. d, Average exons per transcript estimated based on the 
transcript isoforms aligned against sorghum genome. 
 
4.4.8. Prediction of potential coding regions, main and alternate transcript analyses  
All the prediction results of transcript potential coding are presented in Table 4.4.3 and 
Figure 4.4.8. The candidate coding regions in the transcript sequences were analysed by 
retaining only open reading frames (ORFs ≥100 aa) that exhibited homology with the Pfam 
protein domain database or the UniProt Viridiplantae known protein database, which were 
more likely to be biologically real. There were 252,491 non-overlapped ORFs detected in 
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the PacBio transcript isoform sequences, belonging to 100,639 ORF-containing transcript 
isoforms (93.5% of the total). Only 6,956 isoforms did not contain ORFs and these were 
used for characterization of non-coding RNAs, in the next Section. Of the total ORF-
containing transcripts, 92,448 matched the Viridiplantae proteins (e-value 1e-5), while 
87,168 matched the Dfam protein domains. The total number of transcript sequences 
retained in combination with the TransDecoder frame-score was 96,114 (89% of total 
transcript sequences), with lengths ranging from 300 bp to 8,142 bp, and N50 of 1,158 bp. 
There were more sequences retained in the de novo assembly, since it started with more 
data; however, transcript contig length was shorter than that of the PacBio dataset. A total 
747,912 ORFs were found in 413,347 ORF-containing contigs (55.3% of the total de novo 
assembly). When combined with the homology search results, 279,623 transcript contigs 
matched the Viridiplantae protein database, and 232,567 contigs matched the Pfam protein 
domains. The final number of contigs retained by TransDecoder was 355,453, accounting 
for 39.2% of the total de novo assembly. This final contig set had lengths ranging from 300 
bp to 9,501 bp and N50 of 738 bp.  
Table 4.4.3 Open reading frame and transcript prediction analysis of sugarcane 
transcriptome sequence data 
ORF prediction PacBio isoforms 
De novo  
contigs 
  
ORF containing transcripts 100,639 491,544 
  Retained transcripts* 96,114 355,453 
  Min length 300 300 
  Max length 8,142 9,501 
  N50 1,158 738 
  
Evigene prediction PacBio isoforms 
De novo 
contigs 
Unigenes SOGI 
Total transcripts 51,025 83,041 13,205 41,042 
Main transcripts 25,012 56,766 13,205 32,013 
Alternate transcripts 26,013 26,275 0 9,029 
Ave length 1K proteins** 1,348 298 298 287 
*Transcripts with Pfam and Viridiplantae hits. **largest 1.000 proteins 
 
When predicting the potential coding genes using the Evigene pipeline, the total number of 
predicted transcripts in the PacBio transcript isoforms was 51,025 (from 43% of ORFs 
detected by the program, including, 25,012 categorized as main transcripts, and 26,013 as 
alternate transcripts), while the dropset had 67,730 transcripts (57%). The average length 
of the largest 1,000 proteins from the dataset was reported to be 1,348 aa, and all 
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candidate transcripts (main and alternate) had an N50 of 1,296 bp and CDS length ranged 
from 186 bp to 8,142 bp. As for the prediction by TransDecoder, the de novo contig set had 
more ORFs, and therefore, more predicted transcripts both main and alternate. There were 
83,041 predicted transcripts (10.5% of total ORFs, including 56,766 main and 26,275 
alternate transcripts) with an N50 of 384. Compared to PacBio transcript isoforms, the de 
novo predicted transcripts had much shorter length distribution and average length of the 
largest 1,000 proteins (298 aa). Using the same prediction approach on the unigenes and 
SOGI, 13,205 predicted main transcripts were obtained for the unigenes (without alternative 
forms, since this unigene set only contained the major isoforms reported by Trinity), and 
41,042 predicted transcripts (32,013 main and 9,029 alternate transcripts) in SOGI. The 
average length of the largest 1,000 proteins for the unigenes was 298 aa, while that of 
SOGI was 287 aa.  
 
Figure 4.4.8 Analysis of ORFs and transcript prediction of sugarcane transcriptome. 
a, Length distribution of ORF-containing transcripts resulted from transDecoder and Evigen. 
b, Length distribution of predicted transcripts by Evigene in PacBio data. c, Length 
distribution of predicted transcripts by Evigene in de novo contig data. 
4.4.9. Analysis of candidate non-coding RNAs.  
The proportion of candidate non-coding transcripts (with a length ≥300 bp but containing no 
detected ORF ≥100 aa) was different between the PacBio dataset (6.46%, 6,959 
sequences) and de novo dataset (45.8%, 415,022 sequences). Due to a large number of 
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non-coding contigs in the de novo contig dataset, which were likely from different non-
coding RNA classes, such as transfer RNAs (tRNAs), small RNAs, microRNAs (miRNAs) 
and ribosomal RNAs (rRNAs), and also de novo assembly artifacts, only the candidate long 
non-coding transcripts from the PacBio (which were attributed to polyA non-coding RNAs) 
were used for further characterization. The PacBio non-coding transcript set had a length 
ranging from 300 to 7,336 bp. When compared against the NCBI NT nucleotide database, it 
was found that 174 transcripts matched sequences from bacterial, fungal and insect 
sources. The remaining 6,785 sequences included 5,565 sequences matching the NCBI NT 
nucleotide database, and 1,220 transcript isoforms that did not match any entries in the NT 
database. A total of 4,276 sequences exhibited similarity to protein-encoding sequences 
(these were likely the result of sequencing errors that disrupted the code and prevented the 
detection of an ORF ≥100 aa), and 1,206 sequences matched NCBI non-coding entries 
belonging to genomic sequences of the grass family. These 1,206 sequences contained 96 
transcript sequences matching the predicted non-coding RNAs of Zea mays and Setaria 
italica. The final retained candidate long non-coding RNAs for this dataset were 2,426 
transcript sequences (2.25%), including 1,220 non-ORF, non-blast hit transcript sequences 
(Figure 4.4.9). 
 
Figure 4.4.9 Length (bp) distribution of 2,426 candidate long non-coding RNAs in the 
sugarcane transcriptome  
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4.4.10. Repeat content analysis  
The repeat masking against the customized repeat library for Viridiplantae showed that the 
total number of interspersed repeats within the PacBio transcript isoform data was 30,243 
(accounting for 4.78% of total bases), including 50.2% retroelements, 41.1% DNA 
transposons and 8.71% unclassified repeat elements. The retroelements included short 
interspersed nuclear elements - SINEs (1.5%), long interspersed nuclear elements - LINEs 
(13.8%) and long terminal repeat (LTR) elements (34.83%). Amongst all repeat classes, the 
LTR Gypsy/DIRS1 was the most abundant which made up to 17.9%, following by LTR 
Ty1/Copia (12.6%), LINEs L1/CIN4 (10.4%) and DNA transposon Tourist/Harbinger (9.7%). 
In the de novo dataset, there were 317,305 interspersed repeats identified (8.0% of total 
bases), including 46.0% retroelements (13.1% SINEs, 30.7% LTR elements), 48.9% DNA 
transposons and 5.09% unclassified repeats. Gypsy/DIRS1 (17.4 %), Tourist/Harbinger 
(15.1%), Ty1/Copia (12.5%) and LINEs L1/CIN4 (8.98%) were the dominant repeats in the 
de novo dataset. All details are presented in Table 4.4.4.  
A total of 15,715 SSRs were discovered in 13,356 PacBio transcript isoforms (12.41%), 
while a total of 52,847 SSRs were identified in 48,091 de novo contigs (5.3%). In both 
cases, the most abundant motifs detected were tri-nucleotide (66.4%, and 52.7% of the 
total SSRs, respectively), followed by di-nucleotide motifs (27.0% in PacBio dataset and 
41.07% in the de novo dataset). The SSRs detected in both PacBio transcript isoforms and 
de novo transcript contigs are presented in Table 4.4.5.  
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Table 4.4.4 Repeat content masking analysis of sugarcane transcriptome 
 
Repeat class PacBio transcript isoforms De novo transcript contigs 
   
Count Length (bp) % Count Length (bp) % 
Retroelements   15,175 6,074,781 50.18 145,929 46,596,625 45.99 
  SINEs:   454 61,381 1.50 7,053 930,899 2.22 
  Penelope   0 0 0.00 5 311 0.00 
  LINEs:   4,186 2,300,430 13.84 41,531 11,636,323 13.09 
    R2/R4/NeSL 8 358 0.03 0 0 0.00 
    RTE/Bov-B 959 675,286 3.17 12,971 1,589,788 4.09 
    L1/CIN4 3,158 1,609,750 10.44 28,508 10,037,067 8.98 
  LTR elements:   10,535 3,712,970 34.83 97,345 34,029,403 30.68 
    Ty1/Copia 3,814 1,381,035 12.61 39,631 13,429,751 12.49 
    Gypsy/DIRS1 5,417 2,152,682 17.91 55,279 20,133,542 17.42 
DNA transposons   12,433 2,417,337 41.11 155,237 29,577,673 48.92 
  hobo-Activator   2,102 515,214 6.95 20,904 4,755,730 6.59 
  Tc1-IS630-Pogo   1,434 278,049 4.74 29,821 4,459,028 9.40 
  Tourist/Harbinger   2,943 493,608 9.73 48,008 7,913,158 15.13 
  Other (Mirage, P-element, Transib) 5 307 0.02 1 66 0.00 
Unclassified:   2,635 488,879 8.71 16,139 3,581,084 5.09 
Total interspersed repeats: 
 
30,243 8,980,997 
 
317,305 79,755,382 
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Table 4.4.5 Simple sequence repeat annotation of sugarcane transcriptome 
  
PacBio transcript 
isoforms 
De novo 
transcript contigs 
Total number of identified SSRs 15,715 
 
52,847 
 Number of SSR containing sequences 13,356 
 
48,091 
 Number of sequences containing >1 SSR 1,906 
 
4,304 
 Number of SSRs present in compound formation 844 
 
2,276 
 
SSR size (bp) 
Number of 
SSRs 
% 
Number of 
SSRs 
% 
2 4,250 27.04 21,702 41.07 
3 10,441 66.44 27,863 52.72 
4 538 3.42 2,226 4.21 
5 262 1.67 655 1.24 
6 224 1.43 401 0.76 
 
4.4.11. Transcript annotation  
Using 104,998 PacBio transcript isoforms (97.6%) (after filtering out 2,426 candidate non-
coding RNAs and 174 sequence contaminants from microbes identified in the previous 
Section), it was found that there were 528 additional sequences from other sources, such 
as bacteria, fungi and insects, present in the samples. This made a total of 702 cross-
contaminated sequences (0.6%) in the original dataset and these were subsequently 
removed prior to functional annotation. Of 104,470 remaining sequences, 102,020 (94.8%) 
matched the NCBI NT nucleotide database, and 2,450 sequences that did not return any 
matches while containing an ORF, which could potentially be novel transcripts in the 
sugarcane transcriptome. When compared against the Viridiplantae protein database, 
99,313 transcript isoforms (92.3%) showed similarity against 30,001 plant protein 
sequences. There were 97,997 transcript isoforms (91.1%) of PacBio transcript isoforms 
matching 19,057 sorghum proteins, 96,523 (89.7%) matching 22,231 SUCEST entries 
(when filtered for pairwise similarity of 75%, min score of 100 and an e-value <1e-20, 
88,694 (82.4%) transcript isoforms remained). The comparison between PacBio transcript 
isoforms and de novo transcript contigs in Table 4.4.6, showed that the de novo contig 
dataset matched more Viridiplantae proteins (67,162), sorghum proteins (28,901) and 
SUCEST entries (36,501 sequences).  
There were 504 PacBio transcript isoforms matching the sugarcane chloroplast genome, 
and 542 matching the sorghum and maize mitochondrial genomes, while of the de novo 
transcript contigs, 377 matched the chloroplast genome and 658 matched the 
mitochondrial genome (only hits with an e-value = 0.0 were considered). Even though 
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chloroplast and mitochondrial reads were removed prior to de novo assembly to reduce 
the read abundancy, there could be some chloroplast and mitochondrial reads still 
remaining in the RNA-Seq data for which a stringent setting and the mitochondrial 
genomes from closely related species were used for mapping. Using the plant transcription 
factor database (PlantTFDB), a total of 1,669 TFs were identified in the PacBio transcript 
isoforms, including 1,006 similar to those in sorghum, 503 similar to maize TFs, 130 similar 
to rice TFs and 30 similar to TFs in other plant species (Table 4.4.7). There were 664 
additional TFs identified using the Grassius sugarcane TFs, and all 2,333 identified TFs 
were distributed on 7,886 TF-encoding transcript isoforms, which accounted for ~7% of the 
total sequences. These TFs were from 80 annotated TF families, and their distribution is 
presented in the Figure 4.4.10. In the de novo transcript contigs, 4,177 TFs from 78 TF 
families were identified, belonging to 33,268 TF-encoding transcript contigs. Two families 
(SRS and S1Fa-like) were not found in the de novo transcript contigs, compared to the 
PacBio dataset. 
Table 4.4.6 Annotation of sugarcane transcriptome  
Assembly 
Database 
Viridiplantae 
proteins* 
Sorghum 
proteins* 
Sugarcane EST 
(SUCEST)* 
PacBio 
transcript 
isoforms 
Transcript isoforms matched  99,313 97,997 96,523 
% transcript isoforms 92.30 91.08 89.71 
Number of proteins matched 30,001 19,057 20,543 
% proteins in database 
 
40.37 47.61 
De novo 
transcript 
contigs 
Transcript contigs matched 314,814 276,423 546,177 
% transcript contigs 34.73 30.49 60.25 
Number of proteins matched 67,162 28,901 36,501 
% proteins in database   61.22 84.59 
*at an e-value 1e-5 
 
Table 4.4.7 Sugarcane transcription factor analysis of PacBio transcript isoforms 
  
Species Count 
Sorghum 1,006 
Sugarcane - Grassius 664 
Maize 503 
Rice 130 
Others 30 
Total transcription factors 2,333 
Total families 80 
Total TF-encoding transcript isoforms 7,886 
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Figure 4.4.10 Distribution of the transcription factor families in the sugarcane 
transcriptome captured by PacBio Iso-Seq. The values are expressed as percentage 
(%) of total TFs detected. 
 
Using all ORF-containing transcripts in functional annotation, a total of 1,986 GO terms 
were assigned to 59,991 PacBio transcript isoforms (55.75%). These GO terms were 
classified into three main classes, cellular component, molecular function and biological 
process. Among the cellular component category, the highest proportion of transcript 
isoforms was involved in cell and cell part (26.2%), organelle (11.2%) and macromolecular 
complex (8.6%). In molecular function, binding was dominant (60.7%), followed by 
catalytic activity (43.8%), transporter (5.1%), structural molecule activity (3.3%) and 
transcription regulator activity (1.9%). In biological process, the most transcript isoforms 
were assigned to metabolic process (47.7%), cellular process (43.1%), localization (8.9%), 
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biological regulation (8.5%), pigmentation (8.1%), response to stimulus (3.3%) and cellular 
component organization (2.6%). A comparison of enriched GO terms between the PacBio 
transcript isoforms and de novo transcript contigs (137,469 annotated contigs, 33% of 
ORF containing de novo contigs, assigned to 2,456 terms) is presented in Figure 4.4.11. 
 
Figure 4.4.11 Gene ontology enrichment analysis of sugarcane transcript sequences 
Due to the input limitation of the WEGO program, only GO terms from a subset 100,000 
(out of 137,469) sequences from de novo transcript contigs were used in this comparison. 
 
KEGG metabolic pathway analysis provided additional possible functional information 
showing the pathways that the transcript isoforms take part in, since one gene could be 
assigned to more than one GO term in the Gene Ontology annotation. A total of 24,334 
PacBio transcript isoforms (~23% of the total) matched 3,233 KEGG pathway annotations 
(KOs), while 29,913 de novo transcript contigs (~3.3% of the total) matched 3,413 KO 
annotations. The largest functional pathway was the metabolic pathway, representing 
13.1% and 13.4% for PacBio and de novo transcript datasets, respectively; followed by 
biosynthesis of secondary metabolites (6.0%/6.1%), biosynthesis of antibiotics 
(3.1%/3.2%), ribosome (2.2%/2.3%), splicesome (1.8%/1.7%), biosynthesis of amino acids 
(1.6% each) and carbon metabolism (1.5%/1.6%) (Figure 4.4.12). Appendix V shows 
some important pathways for sugarcane, including starch and sucrose metabolism, 
phenylpropanoid biosynthesis (including lignin synthesis) and carbon fixation pathway. 
 100 
 
 
Figure 4.4.12 KEGG metabolic pathway classification of sugarcane transcript 
sequences. 
 
4.4.12. Comparative analysis with closely related species 
It was found that 69.4% of total PacBio transcript isoforms (Figure 4.4.13) and 41.0% of 
de novo contigs were aligned to the sorghum genome. When considering only retained 
ORFs from TransDecoder in both datasets, 80.8% of PacBio ORFs and 70% of de novo 
ORFs were mapped to the sorghum genome. There were 78.7% of Evigene predicted 
PacBio transcripts and only 37.0% of the de novo predicted transcripts that aligned to the 
sorghum genome. Details are provided in Table 4.4.8. 
 
Table 4.4.8 Transcripts aligned against the sorghum genome 
 
PacBio transcript 
isoforms 
De novo 
transcript contigs 
Transcripts aligned 77,164 397,230 
% Transcript aligned 69.44 40.98 
TransDecoder retained aligned 123,986 383,024 
% TransDecoder retained aligned 80.79 70.05 
Evigene transcripts aligned 40,783 32,023 
% Evigene transcripts aligned 78.68 37.02 
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Figure 4.4.13 PacBio transcript isoforms aligned against the sorghum 
chromosomes. Purple blocks represent the transcript isoforms distribution along the 
sorghum chromosomes. 
 
4.5. Discussion 
In the eukaryotic cell, about 95% of genes undergo RNA transcript splicing where most 
introns are removed and exons are retained, resulting in multiple alternative transcripts 
(isoforms) of the gene(s) (Pan et al., 2008, Wang et al., 2008). Isoforms of each gene can 
be formed by cis-splicing or trans-splicing, where different exons are combined together to 
create an mRNA molecule. In general, cis-splicing involves processing a single molecule 
(Parra et al., 2006, Barbazuk et al., 2008), whereas in trans-splicing, many pre-mRNAs are 
processed and their exons joined and ligated (Yang and Walsh, 2005). Most nuclear gene-
related splicing in plants has been found to involve cis-splicing, in different modes such as 
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intron retention, alternative splice or exon skipping/inclusion. For instance, in the model 
plant, Arabidopsis thaliana, it was found that about 61% of multi-exonic genes displayed 
alternative splicing, including different modes, ~40% intron retention, ~15.5% alternative 
3’splice site, ~8% exon skipping/inclusion and ~7.5% alternative 5’splice site (Reddy et al., 
2013). Similar proportions were reported in the transcriptomes of sorghum (Abdel-Ghany 
et al., 2016) and maize (Wang et al., 2016) with intron retention being the most abundant 
splicing mode, accounting for about 40%. Trans-splicing has been observed mostly in 
plant organellar genomes, such as in mitochondria (Pereira de Souza et al., 1991, Qiu and 
Palmer, 2004, de Longevialle et al., 2007), but was recently also found in maize nuclear 
genes (Wang et al., 2016). Therefore, it is estimated that there are more transcripts than 
genes in a given genome; for example, in Arabidopsis cells there are on average 300,000 
transcripts from about 25,000 genes (Hilson et al., 2004). Different spliced isoforms can be 
translated into different proteins and could be present in the sample at different levels of 
expression, at different developmental stages (Wang et al., 2016). Within the total 
transcript population, about 20% is comprised of high abundance transcripts of a few 
genes (5-10 genes), about 40-60% is from the intermediate abundance transcripts (500-
2,000 genes), while 20-40% is from the rare transcripts (Alberts et al., 1994, Carninci et 
al., 2000).  
An initial collection of 107,598 unique sugarcane transcript isoforms were generated in this 
experiment. This transcriptome dataset provides direct evidence of alternative splicing of 
transcripts for each of the genes in the sugarcane genome with higher confidence, 
compared to alternative splicing events reported in the de novo assembly from short-
reads. Even though PacBio offers longer reads than other current platforms (in this study, 
a maximum read length of 53,235 bp was obtained), it has a higher error rate (Au et al., 
2012). In Iso-Seq, the error rate is expected to be lower since the reads are a consensus 
from multiple sequencing passes of the circular cDNA in the SMRT cell (PacBio). 
However, due to relatively low supporting reads for the low quality reads in the Quiver self-
correction pipeline, it was observed that the transcript isoforms produced a large 
proportion of fragmented ORFs, and the transcript prediction resulted in a low number of 
transcripts. In a recent study on sorghum transcripts (Abdel-Ghany et al., 2016), it was 
estimated that the error rate in PacBio Iso-Seq was 2.34%, including 0.64% mismatches, 
1.07% insertions (average length of 1.23 bp) and 0.63% deletions (average length of 1.16 
bp). In this study, after a further error correction using the RNA-Seq reads obtained from 
the same experiment, the PacBio transcripts isoforms generated longer ORFs, better 
prediction results, better performance in completeness assessments and more reads 
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aligned to the closely related sorghum genome. It is important to note that the RNA-Seq 
reads were generated from only internodal samples, while PacBio data included internode, 
leaf and root samples. Therefore, it is expected that there were low quality transcripts 
originally from leaf and root tissues, and also rare transcripts resulting from the 
normalization, left un-corrected in this second error correction. 
Using the PacBio Iso-Seq to capture full-length transcripts without assembly overcomes 
the difficulty posed by the short-read data. The comparative analysis with the de novo 
assembled contigs from Illumina RNA-Seq reads, allowed us to evaluate the benefits of 
each of the assemblies in constructing the sugarcane transcriptome. The short-reads from 
the Illumina platform have been used widely for RNA-Seq differential gene expression 
analysis (Chen et al., 2014, Vicentini et al., 2015, Dharshini et al., 2016), since it provides 
sufficient depth and a lower error rate compared to reads generated from PacBio. 
However, due to the complexity of the alternative spicing mechanism of eukaryotic cells, 
recovering full-length transcripts has been a challenge for most of the assemblers using 
short-reads, such as Trinity, SOAPdenovo-Trans or Velvet/OASES. Many more transcripts 
were generated from the de novo assembly in this study compared to the PacBio transcript 
isoforms, as well as the expected number of transcripts. This was in agreement with most 
de novo assembly studies (such as those in Duan et al., 2012, Nakasugi et al., 2014, 
Bankar et al., 2015).  
It was found that the de novo assembly from combined multiple settings/assemblers 
showed to represent well the sample from which it was derived, with ~98% of reads 
mapping back to transcripts, compared to ~87% to PacBio transcript isoforms. The 
proportion of reads mapping back to the reference transcriptome found in the literature 
ranges from 70 to 100% (for examples, see Rana et al., 2016, Duan et al., 2012, Nakasugi 
et al., 2014), since there is a proportion of reads from the lowly expressed transcripts (or 
low sequencing depth reads) that are not assembled into contigs. The higher read 
mapping rate in the de novo assembly could also be attributed to its library preparation, in 
which 150 bp paired reads were generated from a library of average 200 bp fragments, 
creating overlapped reads easy to assemble (an estimation of ~84% paired reads having 
overlapped ends could be merged into single reads, data not shown). It could also be due 
to the great depth of reads used for assembly (a total 1,015,845,414 reads). Even though 
the PacBio data included the same internodal RNAs as the de novo dataset, it has been 
through different library preparation, where the cDNA were produced from only polyA 
RNAs, which should be mostly mRNA and long non-coding RNAs with a polyA tail (Liu et 
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al., 2015). The comparison of transcripts between the two assemblies suggests that the 
common transcripts between the two assemblies would mostly be polyA RNAs, while the 
transcripts unique to PacBio (38%) could be rare transcripts that come from the 
normalization process and wider tissue coverage, and those unique to de novo assembly 
(33%) could be attributed to other types of RNAs in the samples. It has been proposed 
that de novo transcript contigs could be a good resource for studying the diversity of 
non-coding RNAs (Lv et al., 2016).  
The higher CEGMA/BUSCO completeness alignment of the de novo transcript contigs (93-
98%) compared to PacBio transcript isoforms (83-97%) suggests that this dataset 
contained more expected core conserved genes, which indirectly indicates that more 
genes were captured. This result was also consistent with the BLAST search, in which 
more Viridiplantae proteins matched the de novo transcript contigs (24,983) than that of 
the PacBio transcript isoforms (18,192) at a length coverage cutoff of 70%. The de novo 
transcript contigs incorporated more gene content (especially at lower percentage of 
protein length coverage Figure 4.4.6) compared to the PacBio transcript isoforms. This 
could be due to the high coverage of RNA-Seq sequencing and the use of multiple 
settings/assemblers in the de novo assembly, while the sequencing depth in PacBio Iso-
Seq was still relatively low.  
The PacBio Iso-Seq, on the other hand, was shown to be better in recovering full-length 
transcript isoforms (39,999 transcript isoforms compared to 33,762 transcripts in the de 
novo transcript contigs; covered 103/164 selected genes at ≥90% coverage compared to 
87/164 genes in de novo contigs), including more coding transcripts (94% contained ORFs 
compared to 54.22%), and to have a much longer ORFs. Even though the number of 
predicted ORFs in the PacBio dataset was less than that in the de novo dataset, the ORFs 
had a longer N50 (1,158 bp) while de novo ORFs’ N50 was only 738 bp. Similarly, there 
were fewer predicted transcripts in the PacBio dataset than in the de novo contig set. The 
number of predicted main transcripts (equivalent to unigenes) in the PacBio dataset was 
25,012, which was approximately 71% of the total predicted genes in sugarcane (~35.000 
genes). Combined with the CEGMA/BUSCO alignment, this suggests that a proportion of 
the genes were missing in the PacBio data. Many of these could be genes expressed in 
different tissues or developmental stages to those sampled in this research. 
 In the de novo transcript contigs, 56,766 predicted main transcripts were obtained, which 
was about 162% of the predicted sugarcane genes. It could be that in the de novo 
assembly, not all the transcripts were recovered in full-length. There could be genes that 
 105 
 
were represented by several different contigs, resulting in a total predicted transcript 
number greater than the true number expected. This result compares with the unigenes 
dataset (Cardoso-Silva et al., 2014), which had 80-90% CEGMA/BUSCO completeness, 
but resulted in only 13,205 main predicted transcripts. The unigene dataset originally had 
119,768 contigs, assembled from ~445 million of 72 bp paired-end reads, of which only 
unigenes (representative main isoforms) were retained for further analysis. The high 
CEGMA/BUSCO alignment could be due to good the representation of contigs for the 
samples, while a low number of predicted transcripts could have resulted from only the 
main isoforms being retained in the final contig set. The analysis of the predicted 
transcripts in the SOGI dataset concluded that it was in agreement with the estimation 
reported in Vettore et al. (2003), and Hotta et al. (2010); and indicates that this dataset 
represents ~90% of predicted sugarcane genes. Of a total 41,042 predicted transcripts by 
Evigene, 32,013 main transcripts were identified, which was equivalent to 91.5% of the 
total sugarcane predicted genes, and close to the figure above. This dataset had a low 
CEGMA/BUSCO alignment, ranging from 47-63%. It could be that the CEGMA/BUSCO 
alignment required 70% alignment to the conserved proteins, whereas SOGI database 
contained a proportion of short EST sequences (minimum 100 bp) making the alignment 
length less than the threshold used by the programs, and therefore resulted in a low level 
of completeness. Amongst all the datasets, PacBio transcript isoforms had the longest 
average length of the largest 1,000 proteins (1,348 aa, compared to 298 aa, 298 aa and 
287 aa of de novo contigs, unigenes and SOGI dataset, respectively). Even though the de 
novo assembly was shown to have better completion, suggesting more gene content being 
included, it represented fragmented sequences. The number of alternate transcripts 
reported for PacBio data was 26,013, and for the de novo dataset was 26,275, despite 
many more de novo input transcript contigs in this dataset. The PacBio predicted 
transcripts could be used to improve the length of sugarcane predicted gene models and 
sugarcane protein sequences, which are covered by the SOGI database but are not full-
length sequences. 
Long non-coding RNAs are RNAs, longer than 300bp, that do not encode proteins (do not 
have ORF ≥100 aa) potentially play important roles in gene regulation of eukaryotic cells 
(Liu et al., 2015). Their numbers, characteristics and genetic patterns in the genome still 
remain unclear. The prediction and annotation of long non-coding RNAs is normally 
challenging since, unlike the coding RNAs, they are not orthologous and lack homology 
between closely related species. Therefore, the information from one species is not useful 
in the non-coding RNA prediction for other species (Yandell and Ence, 2012). More often, 
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long non-coding RNAs of a given genome are predicted by subjecting the un-known non-
ORF-containing RNAs to a model, which is built on a set of high confidence non-coding 
RNAs and a partition of coding transcripts of that genome (Li et al., 2014). In this study, de 
novo assembly included more potential non-coding RNA fraction (44.73% of total contigs) 
compared to the PacBio dataset (6.47% of total isoforms). A total of 2,426 transcript 
sequences (accounting for 2.25% of total transcripts) were identified as putative long non-
coding RNAs in the PacBio transcript isoforms. This was done by comparing the non-
coding transcripts against the available protein and genomic databases. 
4.6. Summary and Conclusion 
The transcriptome database generated by using the PacBio Iso-Seq protocol in this 
chapter probably accounts for about 71% of the total predicted genes in the sugarcane 
genome. This PacBio Iso-Seq derived transcriptome database recovered more full-length 
transcripts, with a longer N50, more ORFs and predicted transcripts and higher average 
length of the largest 1,000 proteins, compared to that of the de novo contigs from RNA-
Seq. Analysis of the gene content in the two assemblies suggests that RNA-Seq covered 
more gene content and more RNA classes, probably as a result of the greater sequencing 
depth. The majority of transcript isoforms captured in PacBio Iso-Seq were protein-coding 
sequences (93.5% containing ORFs ≥100 aa), whereas only 54.2% of the total RNA-Seq 
de novo contigs contained ORFs. About 92.3% and 34.7% of PacBio and de novo 
transcripts matched the Viridiplantae protein database, respectively. The use of 
normalization and the inclusion of more tissue (types/stages) in the Iso-Seq library 
preparation may have contributed to the recovery of the unique fraction (accounting for 
~38%) attributed to rare and tissue-specific transcripts that were not covered in the RNA-
Seq. Comparative analysis with the sorghum genome found that 69.4% of total PacBio 
transcript isoforms was aligned to the sorghum genome. This shows a high content of 
orthologous genes between the two genomes. The total set of 51,025 predicted transcripts 
in the study could be used to improve sugarcane gene models and sugarcane proteins in 
the sugarcane databases like SOGI that lack full-length sequences.  
Finally, the PacBio Iso-Seq transcriptome database, which contains 107,598 transcript 
isoforms, will serve as reference sequences representing full-length transcript isoforms 
that are expressed in sugarcane leaf, internode and root tissues, and facilitate differential 
expression analysis allowing exploration of different isoforms of genes to be studied.  This 
database, hereafter, is refered to as the SUGIT database (short for the SUGarcane 
Isoform-sequencing Transcriptome database).  
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Chapter 5 
Association of Gene Expression with Biomass 
Content and Composition in Sugarcane  
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Abstract 
 
As about 64% of the dry biomass recovered in sugarcane production is from the culm. 
Understanding the transcriptome in the sugarcane culm, and the transcripts that are 
associated with the accumulation of the sugar and fiber components would facilitate the 
modification of biomass composition for enhanced biofuel and biomaterial production. A 
sugarcane full-length transcriptome database (SUGIT, described in Chapter 4) was used 
as a reference for RNA-Seq analysis of variation in gene expression between young and 
mature tissues, and between 10 genotypes with varying fiber content. Global expression 
analysis suggests that each genotype displayed a unique expression pattern, possibly due 
to different chromosome combinations and ripening times amongst these genotypes. Apart 
from direct sugar- and fiber-related transcripts, the differentially expressed (DE) transcripts 
in this study belonged to various supporting pathways that were not obviously involved in 
the accumulation of these major biomass components. The analysis revealed 1,649 DE 
transcripts between the young and mature tissues, while 555 DE transcripts were found 
between the low and high fiber genotypes. Of these, 151 and 23 transcripts respectively, 
were directly involved in sugar and fiber accumulation. Most of the transcripts identified 
were up-regulated in the young tissues (2 to 22-fold, FDR adjusted p-value <0.05), which 
could be explained by the more active metabolism in the young tissues compared to the 
mature tissues in the sugarcane culm. The results of analysis of the contrasting genotypes 
suggests that due to the large number of genes contributing to these traits, some of the 
critical DE transcripts could display less than 2-fold differences in expression and might 
not be easily identified. However, this transcript profiling analysis identified full-length 
candidate transcripts and pathways that were likely to determine the differences in sugar 
and fiber accumulation between tissue types and contrasting genotypes.   
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5.1. Introduction 
 
Sugarcane biomass could play a very important role in supporting second generation 
biofuel production. On average, about 64% of the aboveground dry biomass recovered in 
sugarcane production is from the sugarcane culm, while the rest (~36%) is from the trash 
(leaves) (reviewed in Singh, 2010). In the sugarcane culm-derived biomass, the major 
components are sugars (mostly sucrose) and fiber (cellulose, hemicellulose and lignin), as 
reviewed in Canilha et al. (2012), and Moore et al. (2013). As shown in Chapter 3, these 
two components, together with other insoluble matter (all known as total solids) make up 
about 22-39% of the fresh weight, while on a dry biomass basis, the sugar content ranges 
from 29 to 64% and fiber content from 29 to 61%. Sugarcane sugars (as a food source) 
have long been used for biofuel production, and in recent years, sugarcane fiber (also 
referred to in the broader term, lignocellulosic biomass) has been emerging as an 
alternative option for biofuel production. 
Biomass accumulation in sugarcane culms has been shown to be a very highly regulated 
and a tightly connected process in which the carbon is partitioned into sugar production or 
fiber deposition from the same source of incoming photosynthetic carbon (Botha et al., 
1996, Whittaker and Botha, 1997, Botha and Black, 2000, Carson and Botha, 2002b, 
Patrick et al., 2013, Wang et al., 2013). This means that if more carbon is diverted to fiber 
accumulation, cell-wall synthesis and internode elongation, less would be available for 
sucrose accumulation and vice versa (Bindon and Botha, 2002). The sugarcane culm acts 
as a carbon sink with both sucrose and fiber (cellulose/hemicellulose) syntheses, requiring 
a nucleotide sugar, UDP-glucose as a precursor (for a review, see Wang et al., 2013). 
Cellulose and hemicellulose, once deposited, rarely re-enter the cell’s metabolic process 
(Whittaker and Botha, 1997), whereas, sucrose has a complex and dynamic accumulation 
pathway in which it is rapidly synthesized, re-partitioned (into cell-wall polysaccharides) 
and turned over between the vacuole, the cellular metabolic and apoplastic compartments, 
depending upon development stages (Moore, 1995, Botha et al., 1996, Whittaker and 
Botha, 1997, Carson and Botha, 2002b, Sachdeva et al., 2011, Casu et al., 2015). The 
cellulose, hemicellulose and lignin of the fiber fraction are synthesized in different 
metabolic pathways but are physically linked to each other to form the plant cell-walls 
(Carpita, 1996), and are therefore accumulated in the same target organs (Lin et al., 
2015). These fiber components are primarily deposited over time during internode 
elongation (~150 days), and during internode expansion in diameter (for at least 350 
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days). In an immature internode, around 50% of the incoming carbon goes to the fiber 
fraction (the rest is mostly partitioned into supporting protein production), whereas, in a 
more mature internode, only around 8% is diverted to fiber, while most of the remainder is 
partitioned into storage sucrose (i.e. 66% of that in internode 9) (Bindon and Botha, 2002).  
As the accumulation of sugar and fiber is tightly connected, understanding the regulation 
(i.e. at the transcriptional level) of their accumulation requires analysis of both fractions. In 
recent years, efforts have been made to gain more insight into the sugarcane culm 
transcriptome, particularly, the transcripts that are associated with the sugar and fiber 
accumulation. These have helped to define the regulation of the carbon flow in the 
sugarcane plant, as a whole, starting from the leaf (source tissue) and continuing along the 
culm (sink tissue), as well as various complex metabolic and physiological networks 
involved in this process (Whittaker and Botha, 1997, Moore, 1995, Botha and Black, 2000, 
Walsh et al., 2005). These transcriptome studies have included, for instance, genes 
expressed in maturing internodes (Carson and Botha, 2002b), sugar transporters in 
maturing internodes (Casu et al., 2003), transcript differential expression in maturing culms 
(Casu et al., 2004), transcripts involving in cell-wall metabolism and development (Casu et 
al., 2007), transcripts related to cellulose synthase (CesA) and sucrose transporter gene 
families (Casu et al., 2015) and the culm transcriptome analysis of contrasting genotypes 
for lignin content (Bottcher et al., 2013, Santos Brito et al., 2015, Vicentini et al., 2015). 
Despite the lack of a reference genome or a complete transcriptome, these studies have 
provided valuable information about the transcriptome in the sugarcane culms and the 
expression patterns/regulation of sugar- and fiber-related transcripts. 
5.2. Hypothesis and aims 
The accumulation of the biomass major components, sugar and fiber, in the sugarcane 
plant, is a highly regulated process which involves many enzymes and quantitative trait 
loci (QLTs) in each step. It could also be that the process is regulated by many transcript 
isoforms of each gene. The aims of this chapter were: (i) to conduct transcript differential 
expression analysis between the young and mature internodal tissues of the sugarcane 
plant, as well as between contrasting low and high fiber sugarcane genotypes; and (ii) to 
identify candidate transcripts associated with the carbon partitioning between the sugar 
and fiber components in sugarcane. The analysis was done by using the SUGIT database 
which contains transcripts defined as different isoforms (see Section 5.3.4 in Materials 
and Methods) to determine the important genes/transcripts involved in the accumulation 
of the major biomass components in corresponding samples. Identifying the differential 
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expressed transcripts between immature and mature internodes could suggest potential 
transcripts that may be involved in sugar and fiber accumulation along the sugarcane culm 
[17], while those differing between the low and high fiber (or sugar) content would highlight 
the differences in expression patterns between these two groups. The study aimed to 
increase understanding of the regulation of carbon flux into the major components in the 
biomass and the genetic basis of these traits at the transcriptional level and support 
genetic improvement of sugarcane for fiber and/or sugar production. 
5.3. Materials and methods 
5.3.1. Sample selection and preparation   
Analysis was performed on 20 internodal samples, belonging to 10 sugarcane genotypes, 
which were classified into low and high fiber groups (Table 5.3.1). These samples were 
derived from a population previously described in Chapter 3 and their extracted RNA was 
used in the construction of the SUGIT database in Chapter 4 (see also Section 5.3.4). In 
brief, 5 genotypes were chosen for each of the low and high fiber groups, and for each of 
the 10 genotypes, 1 top (young) and 1 bottom (mature) internodal tissue samples were 
collected. The young tissues were defined as the fourth internodes from the top, while the 
mature tissues as the third internodes from the bottom. For each internodal sample, 4 
representative culms from the same genotype were pooled to form 1 biological replicate. 
Internodes from the pooled culms were harvested, immediately cut into 0.5 cm-thick slices, 
followed by the removal of the rind and diagonal separation of the remaining pith into small 
0.5 cm cubes, using a pair of secateurs. The whole excision process took about 1 min 
before snap-frozing in liquid nitrogen, then stored at -80oC until RNA extraction. To avoid 
changes in the transcriptome due to the different collection times, the excision was 
conducted between 10 am to 2 pm on the same day. Prior to RNA extraction, frozen 
samples were pulverized into a fine powder in cryo-jars using a Retsch TissueLyser 
(Retsch, Haan, Germany). The frequency of 30/S was used and the time was 1 min 30 s. 
Samples and the cryo-jars were kept in liquid nitrogen, except for when being ground in 
the TissueLyser. About 1 g of pulverized sample powder was used for RNA extraction. 
5.3.2. RNA extraction  
RNA extraction was conducted using a two-step protocol as described in Furtado (2014b) 
employing a Trizol kit (Invitrogen), followed by a Qiagen RNeasy Plant minikit (#74134, 
Qiagen, Valencia, CA, United States). The RNA quality, integrity and quantity were 
determined by a NanoDrop8000 spectrophotometer (ThermoFisher Scientific, Wilmington, 
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DE, USA), and on a 2100 Agilent Bioanalyser with a plant RNA NanoChip assay (Agilent 
Technologies, Santa Clara, CA, USA).  
Table 5.3.1 Sugarcane genotypes used in this chapter, including 5 low and 5 high 
fiber genotypes 
Code Genotypes %Fiber* Type Female**  Male** 
6 QS99-2014 31.2 Commercial QA88-1178 Q205 
1 QC02-402 31.4 Commercial QN91-295 Q200 
12 KQB08-32953 32.5 Introgression QBYN04-26042 QC91-580 
9 Q200 37.6 Commercial QN63-1700 QN66-2008 
8 Q241 39.6 Commercial Q138 SP72-4728 
17 QBYN04-26041 45.0 Introgression ROC25 YN2002-356 
11 KQB07-23863 45.7 Introgression KQ228A MQB89-12554 
10 QN05-803 47.7 Commercial QN86-1659 Q142 
16 KQB07-24739 48.2 Introgression QBYC04-10559 N29 
20 KQB09-20432 49.8 Introgression KQ228A QBYN05-10390 
*%Fiber on the total dry mass (total solids). **Parental genotypes 
5.3.3. RNA-Seq and read data processing 
About 3 µg of each of the 20 internodal RNA samples was used for indexed-library 
preparation (average insert size of 200 bp), employing the TruSeq stranded with Ribo-Zero 
Plant Library Prep Kit for total RNA library (Illumina Inc.). Each sample was sequenced in 
two lanes using an Illumina HiSeq4000 instrument to obtain 150 bp paired-end read data, 
at the Translational Research Institute, The University of Queensland, Australia. This led 
to about 80% of the paired-end reads overlapping. All raw RNA-Seq read data are 
available from the NCBI SRA database with 40 accession numbers: SRR5258946-
SRR5258949, SRR5258952, SRR5258953, SRR5258960, SRR5258961, SRR5258968-
SRR5258971, SRR5258978-SRR5258989, SRR5258992, SRR5258993, SRR5259000, 
SRR5259001, SRR5259008-SRR5259011, and SRR5259018-SRR5259025, inclusive. 
The read data was assessed by FastQC (Andrews, 2010) for quality and adapter 
sequences. Read adapters and quality trimming was done in CLC Genomics Workbench 
v9.0 (CLC-GWB, CLC Bio-Qiagen, Aarhus, Denmark) with a quality score limit <0.01 
(Phred Q score ≥20, equivalent to the accuracy of the base calling of 99%), allowing a 
maximum two ambiguous nucleotides, and removing reads below 75 bp. Only paired-end 
reads from each lane were kept for each sample and then concatenated into one data file 
prior to analysis. Since the sequencing resulted in un-balanced read data between the top 
and bottom internodal samples of each genotype, to reduce the sample size bias in the 
downstream analysis, the larger sample was down-sized using the seqtk toolkit 
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(https://github.com/lh3/seqtk), to obtain approximately uniform sample sizes across each 
genotype. Further quality control was conducted on the samples (as replicates) in each 
group and for all samples in the experiment. This was done by first performing counts-per-
million (CPM) and then log2 data transformation of the of raw count matrix for each 
sample, using the script Perl_to_R from the Trinity package. This was used to assess the 
samples before analysis, and to remove any outliers or potential confounders within the 
replicates, which could cause batch effects (Leek et al., 2010), based on transcript 
expression level, the transcript pairwise comparisons, Pearson correlations and principal 
component analysis. 
5.3.4. Reference sequences 
The SUGIT database, described in Chapter 4, was used for differential expression 
analysis. In brief, the database was derived from a pooled RNA sample collection including 
those internodal RNA samples used in this chapter, plus the RNAs from leaf and root 
tissue samples at different developmental stages (immature and mature). This 
transcriptome database was generated by PacBio Isoform sequencing, containing different 
isoforms of corresponding genes expressed in the collected samples.  
5.3.5. Transcript profiling and differential expression analysis  
The pipeline used is described in the Trinity v2.2.0 package (Grabherr et al., 2011b), 
designed for transcript profiling and differential expression analysis without reference 
genome sequences at the transcript isoform level, employing the RNA-Seq by Expectation 
Maximization (RSEM) software v1.2.31 (Li and Dewey, 2011). To estimate the abundance 
of each transcript isoform, the RNA-Seq data of each of the samples was aligned against 
the SUGIT database using the Perl script align_and_estimate_abundance.pl. The Bowtie 
v2.2.7 program (Langmead and Salzberg, 2012) was used with options "--no-mixed --no-
discordant --gbar 1000 --end-to-end -k 200". The sam alignment output file was converted 
to a bam file and sorted by samtools v1.3.1 (Li et al., 2009). The sorted bam file was 
subjected to the program RSEM for quantification of transcript abundance at the isoform 
level by fractional correcting of read alignment based on the probabilities of the transcript 
isoforms the reads originally came from, using its iterative process (Li and Dewey, 2011). 
The transcript abundance estimation result was used to build the matrix of raw read counts 
and normalized expression values, by the script abundance_estimates_to_matrix.pl. The 
normalized expression measures included fragments per kilobase of feature sequence per 
million fragments mapped (FPKM) (Trapnell et al., 2010) and transcripts per million 
 114 
 
transcripts (TPM) (Wagner et al., 2012b). The read count matrix for each sample 
combination was parsed using the script run_DE_analysis.pl for transcript differential 
expression analysis. To identify the differentially expressed (DE) transcripts, a negative 
binomial model was used to determine the relationship of the mean and the variance for 
the dispersion estimation in the DESeq2 package (Love et al., 2014). This was run in a 
pipeline using script analyze_diff_expr.pl. This DESeq2 package was suitable for general 
data driven parameter estimation (Seyednasrollah et al., 2015), allowing the selection of 
differentially expressed transcripts through a dynamic range of data and considering the 
unbalanced sequencing depth of the different samples. This differential expression 
analysis pipeline employed R program v3.2.0 (Team R Core, 2014), with the Bioconductor 
v3.4 (Gentleman et al., 2004) and the following packages: limma (Ritchie et al., 2015), ctc 
(Lucas and Jasson, 1985) and Biobase (Huber et al., 2015). Finally, transcripts with a false 
discovery rate (FDR) adjusted p-value ≤ 0.05 and a mean fold change ≥2 were marked as 
being significantly differentially expressed between the two groups compared. The DE 
transcripts were clustered by the package cluster 2.0.4 (Maechler et al., 2012) and ape 
(Paradis et al., 2004), then graphed using the function heatmap.2 in gplots (Warnes et al., 
2009). Lists of up- and down-regulated transcripts were generated for each of comparison. 
5.3.6. Functional annotation of identified differentially expressed transcripts  
For general function comparison, the DE transcripts were annotated against the Gene 
Ontology (GO) database and KEGG metabolic pathway, using Blast2GO v4.0.2 (Conesa 
et al., 2005) with default settings. This used a separate BLASTX homology search result 
with maximum blast hits of 100 against the NCBI non-redundant protein database and an 
e-value of 1e-10. The GO terms were assigned to each of the DE transcripts, and then the 
GO terms for each up-regulated and down-regulated transcript sets were extracted, 
enriched and compared by WEGO (Ye et al., 2006). Only enriched GO terms with a p-
value cut-off of 0.05 (considered significant from the Pearson Chi-square test) were used 
in assessing the over-represented GO terms between the up- and down-regulated 
transcript sets. For further functional analysis, all DE transcripts were subjected to the 
program Mercator for automated sequences annotation (Mercator Annotator, 2016) and 
functional classifications (bins) were assigned to the DE transcripts. These bin annotations 
were based on: (1) the BLASTX homology searches with a cut-off of 80% against the 
Arabidopsis TAIR Release 10, PPAP SwissProt/UniProt Plant Proteins, TIGR5 rice 
proteins and Uniref90; (2) the reverse PSI-BLAST (RPS-blast) searches against the 
Clusters of orthologous eukaryotic genes database (KOG), conserved domain database 
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(CDD); and (3) InterProScan search against the protein domain databases. The functional 
bins were visualized and analysed by MapMan v3.5.1R2 (Usadel et al., 2009). This 
annotation pipeline using Mercator and MapMan (termed as MapMan annotation) 
assigned the transcripts into the most appropriate bins and reduced the multiple times the 
transcripts were represented in many bins, which differed from the GO term annotations 
(Usadel et al., 2009). Arabidopsis and rice were used as the mains sources of information, 
since these two are still the best annotated plant genomes.  
5.3.7. Transcripts specifically involved in accumulation of sugar and fiber  
DE transcripts that were potentially involved in the accumulation of the sugars and fiber 
components, including cell-wall metabolism, carbohydrate metabolism, photosynthesis, 
phenylpropanoid pathway (monolignol pathway), were investigated by using the MapMan 
annotation bins.  
5.3.8. Data analysis 
All Venn diagrams were created by the online Venn tool (Draw Venn Diagram, 2016). All 
computing facilities for analyses using command-line packages and CLC-GWB analyses 
were described in Chapter 2, Section 2.3. All other data analyses were performed using 
the Data Analysis ToolPak in Microsoft Excel 2013 and RStudio ver.0.9.8/R ver.3.1.2 
(Team R Core, 2014).  
5.4. Results 
5.4.1. RNA-Seq summary 
To investigate the differential expression of transcripts between the young and mature 
tissues of the sugarcane culm, and between the low and high fiber genotypes, an RNA-
Seq experiment was conducted. Two groups of 5 low fiber and 5 high fiber genotypes 
were used, in which, for each genotype, 1 top internodal tissue sample and 1 bottom 
internodal tissue sample were collected by pooling respective tissues from 4 different 
sugarcane culms. The total number of trimmed reads obtained for each sample ranged 
from 6 to 53 million (Table 5.4.1). The total number of RNA-Seq reads for all the samples 
from the low fiber group was 293 million, while that of the high fiber group was 148 million. 
This made the total read data used in this analysis 441 million reads. The percentage of 
reads mapped to the transcriptome reference ranged from 70% to 82%. In most cases 
(except for genotype 6), the bottom internodal samples had a higher percentage of reads 
mapped to the references compared to the top internodal samples (means of 79.5% and 
74.2%, respectively). Amongst 107,598 transcriptome reference sequences, the proportion 
 116 
 
of the transcripts that had reads mapped to (FPKM>0) ranged from 57% to 76%. This 
result indicates the proportion of total active transcripts originating from the culm, as the 
transcriptome reference was derived from leaf, internode and root tissues. 
Table 5.4.1 Summary statistics of RNA-Seq mapping of samples 
Low fiber genotypes High fiber genotypes 
Sample 
Trimmed 
reads 
%Reads 
mapped 
Sample 
Trimmed 
reads 
%Reads 
mapped 
T1 18,547,122 70.76 T10 14,370,404 72.10 
B1 20,000,000 78.06 B10 16,000,000 81.09 
T6 12,471,756 74.20 T11 8,153,320 72.94 
B6 13,000,000 71.51 B11 9,000,000 80.71 
T8 27,639,164 76.69 T16 27,263,742 75.47 
B8 29,000,000 80.78 B16 29,000,000 80.31 
T9 34,796,280 73.64 T17 14,979,572 76.92 
B9 34,920,646 80.44 B17 16,000,000 80.47 
T12 49,728,150 76.07 T20 6,275,176 73.44 
B12 53,000,000 81.64 B20 7,000,000 80.15 
Total  293,103,118   Total  148,042,214   
T denotes the top internodal samples while B denotes the bottom internodal samples. 
5.4.2. Global expression analysis of sugarcane RNA-Seq data 
In this analysis, all transcript isoforms were considered, but only transcripts with FPKM 
greater than 0.3 were counted as significantly expressed, as suggested in Kang et al. 
(2013) for RNA-Seq data. Overall, amongst the 20 samples studied, the number of 
transcript isoforms having FPKM ≥0.3 ranged from 29,339 to 71,156. The total profile of all 
transcripts expressed at FPKM of different ranges of 0.3-1, 1-5, 5-10, 10-100 and above 
100, is presented in Figure 5.4.1a-b. As expected, there were more transcripts expressed 
in the top internodal samples (representing the young tissues) compared to that in the 
bottom internodal samples (representing mature tissues) (see Appendix VI, for a typical 
expression pattern between the top and bottom samples illustrated by MapMan). There 
was one exception in the case of Genotypes 6 where a similar expression level in the top 
and bottom internodal samples was observed. This may indicate that the transcriptome 
expression was still similarly active along the culm in this genotype. In 8/10 genotypes, it 
was observed that the top internodal tissue samples had a lower proportion of transcript 
with 0.3<FPKM<1 (representing less active transcripts) and higher proportion of transcripts 
with FPKM>1 (representing more active transcripts) compared to the bottom internodal 
tissue samples. It can be seen from the distribution of log2(FPKM+1) in Figure 5.4.1c that 
even for the same tissue type, samples exhibited different expression patterns.  
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Figure 5.4.1 Global expression of samples used in this study. a, Transcript expression 
of top and bottom internodal samples of low fiber genotypes. b, Transcript expression of 
top and bottom internodal samples of high fiber genotypes. The x-axis indicates the 
samples while the y-axis represents the number of transcripts expressed. c, Boxplot of 
FPKM distribution amongst the top and bottom internodal samples form low and high fiber 
genotypes. The x-axis indicates the samples while the y-axis represents the 
log2(FPKM+1). The transcripts with log2(FPKM+1)>6.5 were not shown here. T denotes 
the top internode while B denotes the bottom internode.  
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Figure 5.4.2 shows the global expression of pooled data where the top and bottom 
internodal samples of each genotype were pooled into a single sample (representing a 
genotype) prior to mapping to the reference transcriptome. There was not a clear pattern 
in the total transcript expression level between two groups of low and high fiber genotypes. 
The total transcripts expressed at FPKM ≥0.3 ranged from 44,698 to 70,064. When 
comparing the expressed transcripts representing all top and bottom internodal samples, 
of the total 93,681 unique transcripts from the two groups (92,491 and 79,467 transcripts 
found in respective groups), 78,277 were found to be common between the two, while 
14,214 and 1,190 were uniquely expressed in the top and bottom tissues, respectively 
(Figure 5.4.3a). Between the low and high fiber genotype groups, amongst 93,681 unique 
expressed transcripts, 88,080 and 89,022 transcripts were found in the respective groups 
(Figure 5.4.3b). While the majority of transcripts (83,421) were found to be common 
between the two groups, only 4,659 and 5,601 transcripts were unique to low fiber and 
high fiber groups, respectively. In general, when all the samples were considered, there 
was a similar number of transcripts expressed in the two groups of low and high fiber 
genotypes in this study. It is revealed in Figure 5.4.3c that 75,986 expressed transcript 
isoforms were common between the 4 fiber-based and tissue-based comparisons. 
Analysis of the number of transcripts expressed in each individual samples (29,339 to 
71,156) and the number of transcripts that represented the top and bottom tissues (92,491 
and 79,467, respectively), it indicates that each individual sample had a fraction of unique 
transcripts that was not detected in the others. Since these samples were derived from the 
same tissue type, at the global expression level, this could mean that, if one transcript was 
expressed in sample 1 but not detected in sample 2, it could be that it was not expressed 
at all in sample 2, or it could mean that it was down-regulated in sample 2 to a low 
expression level that was not detected (this could also be affected by a low sequencing 
depth). 
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Figure 5.4.2 Global expression of 10 pooled genotypes. Gen denotes genotype 
 
 
Figure 5.4.3 Comparison between the number of expressed transcripts (FPKM>0.3). 
(a) Between all top and bottom internodal samples; (b) All low and high fiber genotypes; 
(c) Between the four sample comparisons.  
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Figure 5.4.4 Summary of differentially expressed transcripts. a, Differentially 
expressed transcripts. The red numbers denote the total DE transcripts, while the 
corresponding blue numbers denote the up-regulated/down-regulated transcripts. b, 
Comparison between 1,249 DE transcripts from all genotypes top vs. bottom tissues, 572 
DE transcripts from low fiber genotypes top vs. bottom tissues, and 391 DE transcripts 
from high fiber genotypes top vs. bottom tissues. c, Comparison between 216 DE 
transcripts from pooled all-tissues low vs. high fiber genotypes, and 291 DE transcripts 
from bottom tissues from low vs. high fiber genotypes, and 162 DE transcripts from top 
tissues low vs. high fiber genotypes.  
 
 
5.4.3. Transcript differential expression analysis  
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The differentially expressed (DE) transcripts identified by the package DEseq2 with a fold 
change ≥2 and FDR-adjusted p-value ≤0.05 were summarized in Figure 5.4.4a. In total, 
1,249 DE transcripts were found between all 10 top internodal samples and all 10 bottom 
internodal samples (referred to as all-genotypes T-B); 572 DE transcripts between the 5 
top internodal samples and the 5 bottom internodal samples of the low fiber genotype 
group (low-fiber T-B); and 391 DE transcripts between the 5 top internodal samples and 
the 5 bottom internodal samples of the high fiber genotype group (high-fiber T-B), 
respectively. As shown in Figure 5.4.4b, when compared among these 3 sets of identified 
transcripts, 51 were found to be common between the 3 comparisons, 341 common 
between only all-genotypes T-B and low-fiber T-B, and 120 common between only all-
genotypes T-B and only high-fiber T-B. Amongst the low and high fiber groups, a total of 
216, 291 and 162 transcripts were identified as DE transcripts between the pooled tissues 
of low and high fiber genotypes (referred to as all-tissues L-H), between the bottom 
internodal samples of the low and high fiber genotypes (bottom-tissues L-H), and between 
the top internodal samples of the low and high fiber genotypes (top-tissues L-H), 
respectively (Figure 5.4.4c). Of all identified DE transcripts among the 3 comparisons of 
low and high fiber genotypes, 16 were found to be common among the 3, 16 were 
common between only all-tissues L-H and bottom-tissues L-H, while 61 were common 
between only all-tissues L-H and top-tissues L-H. 
5.4.4. Differential expression of transcripts between the top and bottom internodal 
tissues of the sugarcane culm 
To provide an insight into the difference between the young and mature internodal tissues 
in the sugarcane culm, the identified DE transcripts derived from 3 top-bottom tissue 
comparison were investigated. In this analysis, the bottom internodal tissue samples were 
considered as the baseline (reference group) when compared to the top internodal tissue 
samples. If a transcript was up-regulated or down-regulated in the bottom tissues, it was 
equivalent to being down-regulated or up-regulated in the top tissues, respectively. Of the 
total 1,249 transcripts identified in the all-genotypes T-B comparison, 255 transcripts were 
up-regulated in the bottom tissues while 994 of those were down-regulated in the bottom 
tissues. Of 572 DE transcripts in the low-fiber T-B comparison, 102 and 470 transcripts 
were identified as up-regulated and down-regulated in the bottom internodal tissue 
samples, respectively. Of the 391 DE transcripts high-fiber T-B comparison, 178 and 213 
transcripts were up-regulated and down regulated in the bottom internodal tissue samples, 
respectively. For all the 3 top-bottom tissue comparisons, there were more down-regulated 
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transcripts compared to up-regulated transcripts in the bottom tissues, which could be 
equivalent to the transcriptome in the top tissues being more active when compared to that 
of the bottom tissues. Amongst all of the DE transcripts identified, there were transcripts 
with significant log2FC >4 (>16 fold) (Figure 5.4.5). In this analysis, since biomass 
accumulation is a highly regulated process that involves many quantitative trait loci (QTLs) 
(Carson and Botha, 2002b, Casu et al., 2004, Bottcher et al., 2013, Casu et al., 2015), and 
some of the transcripts were not well annotated, all GO terms that were associated with 
the up-regulation and down-regulation in the 3 comparisons were considered, enriched 
and highlighted the over representative functions in each comparison. This analysis 
revealed that the GO terms that were involved in the up-/down-regulation between the top 
and bottom internodal tissues included those in various cellular components, molecular 
functions, and biological processes. The most abundant GO terms in the 3 comparisons 
were the cell and organelle part (in the cellular component category - CC), binding and 
catalytic (in molecular function category - MF), and cellular process and metabolic process 
(in biological process category - BP), shown in the right panel in Figure 5.4.5a-c. When 
only significant GO terms that had p-value <0.05 were considered, in the all-genotypes T-
B comparison, the significant GO terms in the CC included those in vesicle GO:0031982 
(down-regulated in bottom tissues, hereafter referred to as “down”, otherwise, “up” for up-
regulated), membrane GO:0016020 and membrane part GO:0044425 (down). Of the MF 
category, it was catalytic activity GO:0003824 (down), transferase activity GO:0016740 
(down), ligase activity GO:0016874 (up), binding GO:0005488 (down), and protein binding 
GO:0005515 (down). Of the BP category, it was catabolic process GO:0009056 (down), 
secondary metabolic process GO:0019748 (down), cellular metabolic process 
GO:0044237 (down), primary metabolic process GO:0044238 (down), cellular process 
GO:0009987 (down), response to endogenous stimulus GO:0009719 (down), and 
response to chemical stimulus GO:0042221 (down). In the low-fiber T-B comparison, 
the significant GO terms were macromolecular complex GO:0032991 (down), membrane 
GO:0016020 (down), membrane part GO:0044425 (down) (in the CC); secondary 
metabolic process GO:0019748 (down) and macromolecule metabolic process 
GO:0043170 (down) (in the BP). In the high-fiber T-B comparison, the significant GO 
terms were membrane-enclosed lumen GO:0031974 (up), organelle lumen GO:0043233 
(up), ribonucleoprotein complex GO:0030529 (up), organelle lumen GO:0043233 (up) (in 
the CC); nucleic acid binding GO:0003676 (up) (in the MF); macromolecule metabolic 
process GO:0043170 (up) and multicellular organismal process GO:0032501 (up) (in the 
BP).  
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Figure 5.4.5 The volcano plots and GO term over-representation of DE transcripts 
between the top and bottom internodal tissues (a) All genotypes, (b) Low fiber 
genotypes and (c) High fiber genotypes. In the left panel, the red dots denote the 
significant DE transcripts at FDR adjusted p-value <0.05, while the black dots denote the 
non-significant transcripts between the two cases. In the bar chart (right panel), the right y-
axis indicates the number of transcripts for each GO term, while the left y-axis indicates 
the percentage of transcripts in each GO main category. 
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The GO term analysis was consistent with the results in Mapman annotation (Figure 
5.4.6a-c, with details in Appendix VII). Various MapMan functional bins were found to be 
involved in the up- and down-regulated DE transcripts. Most function-assigned transcripts 
were down-regulated in the bottom internodal tissues or up-regulated in the top internodal 
tissues (blue colour), apart from a proportion of DE transcripts were not assigned with a 
function (red colour, bin 35, accounting for 27-32%). The most significant classifications 
(had the most transcripts) included bins 29 (protein), 16 (secondary metabolism), 26 
(miscellaneous enzyme families), 30 (signalling), 27 (RNA, including transcription factors), 
34 (transport), 20 (stress), 10 (cell-wall related), 13 (amino acid metabolism), 11 (lipid 
metabolism), 31 (cell), and 17 (hormone metabolism). The important transcripts that were 
involved in sugar and fiber accumulation included those that were classified in the bins of 
carbohydrates (bins 2 and 3), photosynthesis (bin 1), cell-wall metabolism (cellulose, 
hemicellulose and sugars - bin 10), and secondary metabolism (including monolignol 
pathway - bin 16). 
In the Mapman annotation, there were 151 transcripts (within the total 1,649 unique DE 
transcripts from 3 comparisons) that were directly involved in the accumulation of sugars 
and fiber (Table 5.4.2). Amongst the identified DE transcripts, there were transcripts 
associated with carbohydrate metabolism (9 transcripts), photosynthesis (25), cell-wall 
proteins (8), cellulose synthesis (29), hemicellulose synthesis (6), cell-wall modification (3), 
cell-wall precursors (6), lignin biosynthesis (58) and dirigent proteins (7). Notably, for 
cellulose-related transcripts, 24 transcript isoforms were annotated as CesA and CesA-like 
proteins and 4 as COBRA-like protein precursor. Hemicellulose-related transcripts were 
those associated with endo-1,4-beta glucanase, plant glycogenin-like starch initiation 
protein 1 (PGSIP1), GT43 family glycosyltransferases, IRX14 and IRX9 genes. The 
transcripts for cell-wall precursors included those of UDP-glucose 6-dehydrogenase (EC: 
1.1.1.22), UDP-glucose/GDP-mannose dehydrogenase and UDP-XYL synthase 6 (UXS6). 
Notably, there were a number of transcript isoforms involved in the phenylpropanoid 
biosynthesis (and monolignol metabolism), including 18 transcripts as phenylalanine 
ammonia lyases (PAL, EC: 4.3.1.24) and PAL (EC: 4.3.1.25), 7 transcripts as 4-coumarate 
CoA ligase (4CL, EC: 6.2.1.12), 12 transcripts as cinnamoyl CoA reductase (CCR, EC: 
1.2.1.44), 3 transcripts as p-coumaroyl shikimate/quinate 3-hydroxylase (C3H, EC: 
1.14.13.36), 3 transcripts as caffeic acid/5-hydroxyferulic acid O-methyltransferase 
(COMT, EC: 2.1.1.68), 2 transcripts as cinnamyl alcohol dehydrogenase (CAD, EC: 
1.1.1.195), 10 transcripts as caffeoyl CoA O-methyltransferase (CCoAOMT, EC:2.1.1.104) 
and 1 transcript as ferulate-5-hydroxylase (F5H, EC 1.14.13.-).  
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Figure 5.4.6 Mapman annotation of the DE transcripts between the top and bottom 
internodal tissues (a) All genotypes, (b) Low fiber genotypes and (c) High fiber 
genotypes. Classification based on the Mapman annotation. PS denotes photosynthesis 
while CHO denotes carbohydrates. Red color indicates up-regulation while blue color 
indicates down-regulation in the bottom internodal tissues.   
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Table 5.4.2 List of identified DE transcripts that involved in the fiber and sugar accumulation between the top and bottom tissues 
Function 
classification 
TSA accession 
Length 
(bp) 
Description 
All top vs all 
bottom (1) 
LOW fiber (2) HIGH fiber (3) 
log2FC padj log2FC padj log2FC padj 
Carbohydrate metabolism                 
CHO metabolism GFHJ01055927.1 1260 Putative galacturonosyltransferase activity (LGT8) 2.048 4.07E-03 - - - - 
CHO metabolism GFHJ01048753.1 1278 NAD(P)-linked oxidoreductase superfamily protein 1.779 4.84E-02 - - - - 
CHO metabolism GFHJ01029432.1 6620 Callose synthase; glucan synthase-like 12 (GSL12) 1.710 4.84E-02 - - - - 
CHO metabolism GFHJ01048376.1 1515 Triose phosphate/phosphate translocator 1.629 3.61E-02 - - - - 
CHO metabolism GFHJ01024739.1 1302 Galactose mutarotase-like superfamily protein 1.582 1.68E-03 - - - - 
CHO metabolism GFHJ01040676.1 3127 Similar to galactokinase.; arabinose kinase (ARA1) 1.261 3.38E-04 1.604 1.02E-02 - - 
CHO metabolism GFHJ01019115.1 1701 ADP-glucose pyrophosphorylase family protein 1.140 3.71E-03 - - - - 
CHO metabolism GFHJ01083834.1 1457 Galactinol synthase 1 (GolS1) -1.771 4.46E-02 - - - - 
CHO metabolism GFHJ01072173.1 1471 GroES-like zinc-binding alcohol dehydrogenase family pro -3.591 1.79E-07 -3.881 8.64E-05 - - 
Photosynthesis                   
Photosynthesis GFHJ01010620.1 5346 Ribulose bisphosphate carboxylase large chain (EC4.1.1.39)  1.716 2.69E-03 - - - - 
Photosynthesis GFHJ01085380.1 5200 Hypothetical 14 kDa protein ycf68 (ORF 134) -2.130 1.21E-02 - - - - 
Photosynthesis GFHJ01082210.1 4706 Encodes a cysteine-rich receptor-like protein kinase 1.150 4.22E-04 - - - - 
Photosynthesis GFHJ01036461.1 3293 Glycine decarboxylase P-protein 2 (GLDP2) 1.178 1.69E-02 - - - - 
Photosynthesis GFHJ01036466.1 2380 Glycine decarboxylase P-protein 1 (GLDP1) 1.217 3.22E-05 1.361 4.72E-03 - - 
Photosynthesis GFHJ01036465.1 2122 Glycine decarboxylase P-protein 1 (GLDP1) 1.300 4.55E-03 - - - - 
Photosynthesis GFHJ01008632.1 1670 Hydroxypyruvate reductase 2.033 2.46E-02 - - - - 
Photosynthesis GFHJ01058946.1 1575 Ferredoxin--NADP reductase (EC 1.18.1.2) 1.466 3.55E-02 - - - - 
Photosynthesis GFHJ01042666.1 1398 Protein kinase superfamily protein 1.886 1.87E-03 - - - - 
Photosynthesis GFHJ01023760.1 1355 Light harvesting complex photosystem II (LHCB4.1) 1.493 3.95E-02 - - - - 
Photosynthesis GFHJ01058499.1 1263 Photosystem I light harvesting complex gene 2 (LHCA2) 1.524 1.66E-02 - - - - 
Photosynthesis GFHJ01082406.1 1227 Phosphoglycerate kinase, cytosolic (EC 2.7.2.3) 1.956 1.84E-02 - - - - 
Photosynthesis GFHJ01006246.1 1125 Serine hydroxymethyltransferase 4 (SHM4 1.303 3.77E-02 - - - - 
Photosynthesis GFHJ01067477.1 1108 Ferredoxin-related 2.034 2.42E-02 - - - - 
Photosynthesis GFHJ01058180.1 1094 Chlorophyll a-b binding protein 40, (LHCP) 2.811 2.11E-04 4.06 5.97E-06 - - 
Photosynthesis GFHJ01084725.1 1070 Glyceraldehyde3-phosphate dehydrogenaseA (EC1.2.1.13) -2.123 6.70E-03 - - - - 
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Photosynthesis GFHJ01051698.1 1033 Chlorophyll a-b binding protein M9 (LHCP)  1.189 1.93E-02 - - - - 
Photosynthesis GFHJ01081837.1 948 Glycine cleavage system H protein, mitochondrial precursor  2.154 3.83E-03 - - - - 
Photosynthesis GFHJ01065579.1 905 Photosystem I reaction center subunit II, (PSI-D) 1.052 2.02E-02 - - - - 
Photosynthesis GFHJ01069199.1 881 Cytochrome b6-f complex iron-sulfur subunit (EC 1.10.99.1)  1.259 1.24E-02 - - - - 
Photosynthesis GFHJ01092468.1 879 Chlorophyll a-b binding protein, (LHCP) 1.581 4.91E-02 - - - - 
Photosynthesis GFHJ01076434.1 760 Encodes subunit O of photosystem I (PSAO) 1.221 3.49E-02 - - - - 
Photosynthesis GFHJ01071027.1 732 Photosystem I reaction center subunit III, (PSI-F) 2.054 2.19E-02 3.269 1.77E-03 - - 
Photosynthesis GFHJ01089466.1 679 Aminomethyltransferase (EC 2.1.2.10) 1.454 6.34E-03 1.745 4.56E-02 - - 
Photosynthesis GFHJ01086077.1 647 Photosystem I reaction center subunit psaK 1.829 2.11E-03 - - - - 
Cell wall metabolism  
Cell-wall Pro.AGPs GFHJ01067551.1 2717 FASCICLIN-like arabinogalactan-Pro.16 precursor (FLA16) 1.713 3.84E-04 - - - - 
Cell-wall Pro.AGPs GFHJ01075959.1 1113 FASCICLIN-like arabinogalactan-Pro.11 (FLA11) 2.157 4.41E-03 - - - - 
Cell-wall Pro.AGPs GFHJ01077204.1 1426 FASCICLIN-like arabinogalactan-Pro.13 precursor (FLA13) 1.742 1.79E-02 - - - - 
Cell-wall Pro.AGPs GFHJ01079160.1 1125 FASCICLIN-like arabinogalactan-Pro.11 (FLA11) 2.877 3.91E-05 2.742 1.02E-02 - - 
Cell-wall Pro.AGPs GFHJ01072407.1 1070 FASCICLIN-like arabinogalactan-Pro.11 (FLA11) 2.049 1.61E-02 - - - - 
Cell-wall Pro.AGPs GFHJ01092866.1 621 FASCICLIN-like arabinogalactan-Pro.16 precursor (FLA16) 1.771 2.69E-02 - - - - 
Cell-wall Pro.LRR GFHJ01087039.1 915 Leucine-rich repeat (LRR) family pro. 1.784 1.19E-02 - - - - 
Cell-wall Pro.RGP GFHJ01014584.1 1407 Alpha-1,4-glucan-pro synthase [UDP-forming] 1   1.990 1.89E-02 - - - - 
Cellulose synthesis GFHJ01012296.1 4645 Encodes a cellulose synthase isomer, related to CESA6 1.805 2.45E-02 - - - - 
Cellulose synthesis GFHJ01021633.1 2956 Encodes a cellulose synthase isomer, related to CESA6 1.775 3.38E-02 - - - - 
Cellulose synthesis GFHJ01026109.1 1967 Cellulose synthase  2.853 9.66E-07 2.405 1.65E-02 3.443 5.05E-05 
Cellulose synthesis GFHJ01006131.1 1575 Similar to cellulose synthase; CESA-like C5 (CSLC5) 1.540 2.27E-03 1.701 4.56E-03 - - 
Cellulose synthesis GFHJ01010961.1 1163 Endo-1,4-beta glucanase 10 (OsGLU2) 1.124 3.61E-03 - - - - 
Cellulose synthesis GFHJ01093950.1 750 Endo-1,4-beta glucanase 10 (OsGLU2) 1.085 3.25E-02 - - - - 
Cellulose synthesis GFHJ01011849.1 4499 Encodes a cellulose synthase isomer 1.458 1.95E-02 - - - - 
Cellulose synthesis GFHJ01012303.1 4011 Encodes a cellulose synthase isomer, related to CESA6 1.342 4.81E-02 - - - - 
Cellulose synthesis GFHJ01038636.1 3834 Encodes a cellulose synthase isomer 1.535 1.91E-02 - - - - 
Cellulose synthesis GFHJ01012287.1 3657 Encodes a cellulose synthase isomer 1.168 2.55E-02 - - 1.819 1.51E-04 
Cellulose synthesis GFHJ01021630.1 3654 Encodes a cellulose synthase isomer, related to CESA6 2.491 2.04E-03 - - - - 
Cellulose synthesis GFHJ01012286.1 3636 Encodes a cellulose synthase isomer 1.029 1.33E-02 - - - - 
Cellulose synthesis GFHJ01024173.1 3513 Encodes a xylem-specific cellulose synthase 2.331 2.81E-03 - - - - 
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Cellulose synthesis GFHJ01024174.1 3413 Encodes a xylem-specific cellulose synthase 2.160 7.66E-03 - - - - 
Cellulose synthesis GFHJ01020613.1 3116 Encodes a cellulose synthase 2.167 1.64E-03 - - 3.123 2.63E-04 
Cellulose synthesis GFHJ01007596.1 3115 Encodes a member of the cellulose synthase family 2.439 1.91E-04 - - - - 
Cellulose synthesis GFHJ01054855.1 1673 Similar to cellulose synthase; CESA-like B4 (CSLB04) 2.445 4.93E-04 - - - - 
Cellulose synthesis GFHJ01021636.1 1613 Encodes a cellulose synthase isomer, related to CESA6 2.249 5.84E-03 - - - - 
Cellulose synthesis GFHJ01011361.1 1521 Encodes a member of the cellulose synthase family 2.703 8.89E-05 2.423 3.09E-02 - - 
Cellulose synthesis GFHJ01039058.1 1476 Encodes a gene similar to cellulose synthase 1.057 2.06E-02 - - - - 
Cellulose synthesis GFHJ01020611.1 1452 Encodes a cellulose synthase 2.385 6.27E-04 2.666 3.57E-03 - - 
Cellulose synthesis GFHJ01020612.1 1060 Encodes a cellulose synthase 2.343 4.00E-03 2.743 1.30E-02 - - 
Cellulose synthesis GFHJ01089169.1 583 Encodes a xylem-specific cellulose synthase 2.014 2.07E-02 2.605 3.63E-02 - - 
Cellulose synthesis GFHJ01012300.1 4025 Cellulose synthase isomer, related to CESA6 1.409 2.24E-02 - - - - 
Cellulose synthesis GFHJ01085160.1 678 Endoglucanase16 precursor  (Endo-1,4β glucanase 16) 2.219 1.01E-03 - - - - 
Cellu.Syn.COBRA GFHJ01087918.1 3175 COBRA-like 3 pro precursor (Pro BRITTLE CULM1) 1.309 7.18E-04 - - - - 
Cellu.Syn.COBRA GFHJ01019872.1 1968 COBRA-like 5 pro precursor (Pro BRITTLE CULM1) 2.683 6.74E-06 2.517 1.19E-03 - - 
Cellu.Syn.COBRA GFHJ01019869.1 1848 COBRA-like 5 pro precursor (Pro. BRITTLE CULM1)  1.718 3.35E-02 - - - - 
Cellu.Syn.COBRA GFHJ01069678.1 1084 COBRA-like 5 pro precursor (Pro. BRITTLE CULM1) 2.127 1.54E-02 - - - - 
Hemi.Synthesis GFHJ01027881.1 4684 Plant glycogenin-like starch initiation pro. 1 (PGSIP1) 1.720 9.12E-03 - - 3.731 1.90E-05 
Hemi.Synthesis GFHJ01006626.1 2367 Plant glycogenin-like starch initiation pro. 1 (PGSIP1) 1.085 2.74E-03 - - - - 
Hemi.Synthesis GFHJ01067340.1 1891 A member of the GT43 family glycosyltransferases i 2.015 9.28E-03 - - - - 
Hemi.Synthesis GFHJ01068715.1 1024 The IRX14 gene/ a putative family 43 glycosyl transferase  1.750 1.85E-02 - - - - 
Hemi.Synthesis GFHJ01091851.1 717 The IRX9 gene/ a putative family 43 glycosyl transferase 2.228 9.65E-08 2.172 2.90E-03 2.218 1.52E-04 
Hemi.Synthesis GFHJ01068707.1 704 The IRX14 gene/ a putative family 43 glycosyl transferase 1.134 3.27E-02 - - - - 
Cell-wall modi GFHJ01063999.1 1280 Expansin-A2 precursor (OsEXPA2) (Alpha-expansin-2) 2.833 1.50E-04 3.207 2.67E-03 - - 
Cell-wall modi GFHJ01018646.1 1198 Expansin-B3 precursor (OsEXPB3) (Beta-expansin-3) 1.898 4.64E-02 - - - - 
Cell-wall modi GFHJ01051006.1 1128 Expansin-B3 precursor (OsEXPB3) (Beta-expansin-3) 2.106 1.60E-02 - - - - 
Cell wall precursor GFHJ01048016.1 5939 KDOP synthase 1.216 7.52E-04 - - - - 
Cell wall precursor GFHJ01010122.1 2020 UDP-glucose 6-dehydrogenase  1.714 3.47E-02 - - - - 
Cell wall precursor GFHJ01010131.1 2889 UDP-glucose/GDP-mannose dehydrogenase 1.380 4.26E-02 1.437 3.26E-02 - - 
Cell wall precursor GFHJ01010125.1 1927 UDP-glucose 6-dehydrogenase   1.949 1.66E-02 - - - - 
Cell wall precursor GFHJ01010126.1 1955 UDP-glucose 6-dehydrogenase  1.684 2.61E-02 - - - - 
Cell wall precursor GFHJ01012922.1 1423 UDP-XYL synthase 6 (UXS6) 1.264 3.36E-02 - - - - 
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Lignin pathway                   
Lignin biosynthesis GFHJ01029266.1 4379 4-coumarate--CoA ligase 2  (4CL 2) 2.182 3.08E-07 2.398 7.80E-04 - - 
Lignin biosynthesis GFHJ01029270.1 2081 4-coumarate--CoA ligase 2  (4CL 2) 2.531 3.06E-04 - - - - 
Lignin biosynthesis GFHJ01029267.1 1377 4-coumarate--CoA ligase 1  (4CL 1)  1.845 1.13E-02 2.959 2.89E-03 - - 
Lignin biosynthesis GFHJ01072682.1 994 4-coumarate--CoA ligase 2  (4CL 2) 2.413 2.50E-03 - - - - 
Lignin biosynthesis GFHJ01097957.1 919 4-coumarate--CoA ligase 1  (4CL 1)  1.868 2.94E-02 3.634 1.12E-05 - - 
Lignin biosynthesis GFHJ01093737.1 797 4-coumarate--CoA ligase 1  (4CL 1)  2.086 7.83E-03 2.396 4.53E-02 - - 
Lignin biosynthesis GFHJ01097535.1 511 4-coumarate--CoA ligase 1  (4CL 1) 2.432 1.58E-09 2.631 2.45E-05 2.271 7.37E-05 
Lignin biosynthesis GFHJ01038328.1 1736 Encodes coumarate 3-hydroxylase (C3H) 1.418 1.35E-02 - - - - 
Lignin biosynthesis GFHJ01038327.1 1471 Encodes coumarate 3-hydroxylase (C3H) -2.494 2.02E-03 - - - - 
Lignin biosynthesis GFHJ01038324.1 1089 Encodes coumarate 3-hydroxylase (C3H) 1.542 3.15E-02 - - - - 
Lignin biosynthesis GFHJ01040835.1 1588 Cinnamyl alcohol dehydrogenase  (CAD)  1.547 6.70E-03 1.926 2.86E-05 - - 
Lignin biosynthesis GFHJ01023919.1 1361 NAD-dependent mannitol dehydrogenase  2.175 5.04E-03 - - - - 
Lignin biosynthesis GFHJ01023918.1 1325 NAD-dependent mannitol dehydrogenase  2.066 2.16E-03 - - - - 
Lignin biosynthesis GFHJ01061997.1 925 Cinnamyl alcohol dehydrogenase  (CAD) 1.667 1.38E-02 - - - - 
Lignin biosynthesis GFHJ01054272.1 1205 Caffeoyl-CoA O-methyltransferase 5  CCoAOMT 5 3.047 4.49E-06 2.997 2.79E-03 - - 
Lignin biosynthesis GFHJ01053845.1 1181 Caffeoyl-CoA O-methyltransferase 5  CCoAOMT 5 2.003 5.90E-03 - - - - 
Lignin biosynthesis GFHJ01053752.1 1179 Caffeoyl-CoA O-methyltransferase 5  CCoAOMT 5 2.511 1.54E-05 2.638 5.66E-04 - - 
Lignin biosynthesis GFHJ01052852.1 1116 Caffeoyl-CoA O-methyltransferase 1  CCoAOMT 1 2.031 7.85E-05 - - - - 
Lignin biosynthesis GFHJ01052728.1 1079 Caffeoyl-CoA O-methyltransferase 1  CCoAOMT 1 2.819 8.43E-05 - - 4.551 4.97E-06 
Lignin biosynthesis GFHJ01052865.1 1041 Caffeoyl-CoA O-methyltransferase 1  CCoAOMT 1 2.042 4.58E-04 - - - - 
Lignin biosynthesis GFHJ01079408.1 1036 Caffeoyl-CoA O-methyltransferase  CCoAOMT 2.769 1.54E-04 2.742 2.15E-02 - - 
Lignin biosynthesis GFHJ01052358.1 863 Caffeoyl-CoA O-methyltransferase 1  CCoAOMT 1 1.592 2.88E-02 2.694 1.17E-03 - - 
Lignin biosynthesis GFHJ01063488.1 835 Caffeoyl-CoA O-methyltransferase 1  CCoAOMT 1 2.362 4.15E-03 - - - - 
Lignin biosynthesis GFHJ01099485.1 517 Caffeoyl-CoA O-methyltransferase 1  CCoAOMT 1 1.784 1.50E-03 2.4 4.16E-03 - - 
Lignin biosynthesis GFHJ01077303.1 4475 Encodes a cinnamoyl CoA reductase  CCR 1.576 1.73E-07 1.725 7.16E-06 - - 
Lignin biosynthesis GFHJ01046614.1 3322 Encodes a cinnamoyl CoA reductase  CCR 3.448 9.69E-11 3.264 5.24E-05 3.703 2.65E-05 
Lignin biosynthesis GFHJ01050680.1 1656 Encodes a cinnamoyl CoA reductase  CCR 2.888 2.72E-05 3.138 3.00E-04 - - 
Lignin biosynthesis GFHJ01046618.1 1597 Encodes a cinnamoyl CoA reductase  CCR 2.593 2.88E-05 2.808 3.79E-03 - - 
Lignin biosynthesis GFHJ01049842.1 1593 Encodes a cinnamoyl CoA reductase  CCR 2.927 3.38E-07 3.239 5.39E-07 - - 
Lignin biosynthesis GFHJ01046616.1 1558 Encodes a cinnamoyl CoA reductase  CCR 2.171 5.46E-03 - - - - 
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Lignin biosynthesis GFHJ01046617.1 1522 Encodes a cinnamoyl CoA reductase  CCR 2.099 8.86E-03 - - - - 
Lignin biosynthesis GFHJ01052154.1 1471 Encodes a cinnamoyl CoA reductase  CCR 2.687 4.18E-04 3.165 3.73E-03 - - 
Lignin biosynthesis GFHJ01022829.1 1451 Encodes a cinnamoyl CoA reductase  CCR 2.607 1.13E-04 2.797 3.53E-03 - - 
Lignin biosynthesis GFHJ01091564.1 1347 Encodes a cinnamoyl CoA reductase  CCR 3.587 2.43E-10 4.337 3.61E-09 - - 
Lignin biosynthesis GFHJ01046615.1 1223 Encodes a cinnamoyl CoA reductase  CCR 2.375 3.19E-03 - - - - 
Lignin biosynthesis GFHJ01078876.1 1075 Encodes a cinnamoyl CoA reductase (CCR) isoform 3.108 1.76E-07 2.581 3.08E-02 4.149 6.56E-07 
Lignin biosynthesis GFHJ01065671.1 1222 Caffeic acid 3-O-methyl transferase (COMT) 2.088 9.20E-04 - - - - 
Lignin biosynthesis GFHJ01064057.1 1172 Caffeic acid 3-O-methyl transferase (COMT) 1.810 2.87E-02 - - - - 
Lignin biosynthesis GFHJ01087651.1 634 Caffeic acid 3-O-methyl transferase (COMT) 1.705 2.05E-02 - - - - 
Lignin biosynthesis GFHJ01063430.1 1024 Encodes ferulate 5-hydroxylase (F5H) 1.715 6.11E-04 1.702 2.98E-02 - - 
Lignin biosynthesis GFHJ01029789.1 2572 Encodes a phenylalanine ammonia-lyase 1 (PAL1) 2.443 2.36E-04 3.177 2.56E-11 - - 
Lignin biosynthesis GFHJ01006551.1 2498 Encodes a phenylalanine ammonia-lyase 1 (PAL1) 2.284 6.38E-03 - - - - 
Lignin biosynthesis GFHJ01029788.1 2253 Encodes phenylalanine lyase (PAL) 1.966 1.26E-03 2.165 2.31E-02 - - 
Lignin biosynthesis GFHJ01029795.1 2124 Encodes a phenylalanine ammonia-lyase 1 (PAL1) 1.241 1.05E-02 - - - - 
Lignin biosynthesis GFHJ01046492.1 2092 Encodes phenylalanine lyase (PAL) 2.446 4.27E-05 2.348 4.31E-02 2.542 2.13E-04 
Lignin biosynthesis GFHJ01006548.1 2012 Encodes a phenylalanine ammonia-lyase 1 (PAL1) 2.757 6.31E-05 - - 3.448 6.64E-05 
Lignin biosynthesis GFHJ01046483.1 1909 Encodes phenylalanine lyase (PAL) 1.996 2.87E-02 - - - - 
Lignin biosynthesis GFHJ01006550.1 1717 Encodes phenylalanine lyase (PAL) 2.351 2.07E-03 - - 3.327 2.74E-04 
Lignin biosynthesis GFHJ01006553.1 1558 Encodes phenylalanine lyase (PAL) 3.198 1.11E-06 2.605 4.64E-02 3.882 3.71E-05 
Lignin biosynthesis GFHJ01006552.1 1450 Encodes phenylalanine lyase (PAL) 1.947 3.70E-02 - - - - 
Lignin biosynthesis GFHJ01046493.1 1400 Encodes phenylalanine lyase (PAL) 2.432 8.45E-05 2.579 1.02E-02 - - 
Lignin biosynthesis GFHJ01046477.1 1317 Encodes phenylalanine lyase (PAL) 2.290 4.33E-03 - - - - 
Lignin biosynthesis GFHJ01048703.1 1136 Encodes phenylalanine lyase (PAL) 1.707 3.22E-02 - - - - 
Lignin biosynthesis GFHJ01049598.1 1096 Encodes phenylalanine lyase (PAL) 1.887 3.59E-02 - - - - 
Lignin biosynthesis GFHJ01064224.1 930 Encodes phenylalanine lyase (PAL) 1.872 4.52E-02 - - - - 
Lignin biosynthesis GFHJ01096829.1 913 Encodes a phenylalanine ammonia-lyase 1 (PAL1) 1.658 1.34E-02 - - - - 
Lignin biosynthesis GFHJ01075223.1 838 Encodes phenylalanine lyase (PAL) 3.186 8.91E-15 3.088 1.45E-05 3.244 2.30E-08 
Lignin biosynthesis GFHJ01082545.1 674 Encodes phenylalanine lyase (PAL) 3.135 1.79E-07 2.469 2.31E-02 4.53 5.91E-07 
Dirigent proteins                   
Dirigent protein GFHJ01085375.1 1084 Dirigent protein 2.135 7.97E-03 - - - - 
Dirigent protein GFHJ01067768.1 1057 Dirigent protein 2.250 1.91E-03 2.347 3.81E-02 - - 
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Dirigent protein GFHJ01072645.1 1037 Dirigent protein 1.903 2.79E-02 - - - - 
Dirigent protein GFHJ01081787.1 871 Dirigent protein 2.676 3.66E-04 2.896 7.90E-03 - - 
Dirigent protein GFHJ01073901.1 731 Dirigent protein 1.923 2.15E-02 - - - - 
Dirigent protein GFHJ01090373.1 712 Dirigent protein 2.171 5.80E-03 2.809 2.43E-03 - - 
Dirigent protein GFHJ01077001.1 674 Dirigent protein 1.914 3.52E-03 2.212 2.75E-02 - - 
 
Positive log2FC values indicate that up-regulated in the top (immature) tissues, while negative log2FC values indicate down-regulated in 
the top (immature) tissues. Pro: protein, padj: adjusted p-value. (1) All top internodal samples compared against all bottom internodal 
samples. (2) top internodal versa bottom internodal samples of low fiber genotypes. (3) top internodal versa bottom internodal samples of 
high fiber genotypes. Each row represents one identified DE transcript. Hemi denotes Hemicellulose, Pro denotes protein, Cellu.Syn. 
denotes Cellulose synthesis, and Cell-wall modi. denotes Cell-wall modification. TSA accession refers to the accession number of the 
identified transcripts in the NCBI TSA database. 
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Figure 5.4.7 Differentially expressed transcripts between the top and bottom tissues 
in the sugarcane plant. a, Cell-wall precursor metabolism. b, Lignin pathway. Log2(FC) 
was used, red color denotes the up-regulated in the bottom internodal tissues while blue 
color denotes the down-regulated in the bottom internodal tissue. Colored boxes indicate 
the fold change. Each heatmap is representative of one of the identified differentially 
expressed transcripts.  
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Of the 151 identified transcripts related to sugar and fiber accumulation, all except 5 
transcripts were down-regulated in the bottom internodal tissue. There were 9 DE 
transcripts that were common between the 3 comparisons, including CesA, the IRX9 gene, 
4CL-1, two CCR isoforms, and 4 PAL isoforms. There were more DE transcripts that were 
common between all-genotypes T-B and the low-fiber T-B comparisons (40 transcripts), 
than between all-genotypes T-B and the high-fiber T-B comparisons (6 transcripts). Figure 
5.4.7 shows the identified DE transcripts from all-genotypes T-B comparison, which 
involved 2 important pathways related to cell-wall precursor metabolism and the lignin 
pathway, while Figure 5.4.8 shows DE transcripts that were annotated against 
photosynthesis, in these non-photosynthetic tissues (discussed later). The majority of the 
transcripts in these 3 pathways were down-regulated in the bottom internodal tissues, or 
up-regulated in the top internodal tissues samples. 
 
Figure 5.4.8 Differentially expressed transcripts that were annotated as involved in 
photosynthesis. Log2FC was used, green colour denotes the up-regulated transcript in the 
low fiber group while red colour denotes the down-regulated transcript in the low fiber 
group. Each heatmap is representative of one of the identified differentially expressed 
transcripts.  
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5.4.5. Differential expression of transcripts between low and high fiber sugarcane 
genotypes  
In general, there were fewer DE transcripts identified in this fiber content-based comparison 
compared to that of the tissue-based comparison. Of 216 total identified DE transcripts from 
the pooled all-tissues L-H comparison, 106 transcripts were up-regulated and 110 were 
down-regulated in the low fiber group (or up-regulated in the high fiber group). Of the 291 
DE transcripts from bottom-tissues L-H comparison, 145 and 146 transcripts were up- and 
down regulated in the bottom tissues of the low fiber group, respectively. Of 162 DE 
transcripts from top-tissues L-H comparison, 88 and 74 transcripts were up- and down-
regulated, respectively, in the top internodal tissue samples of the low fiber group. Figure 
5.4.9 summarizes the identified DE transcripts between the three comparisons, including 
those transcripts with significant log2FC >4 (~16-fold). The GO analysis also indicated that 
the identified DE transcripts were involved in many cellular components, molecular 
functions and biological processes. This also suggests that the up/down-regulation also 
involved the same molecular functions and biological processes (Figure 5.4.9a-c).  
 
Legend on next page. 
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Figure 5.4.9 The volcano plots and GO term over-representation of DE transcripts 
between the low and high fiber genotypes (a) All tissues from all genotypes, (b) Bottom 
tissues from low and high fiber genotypes, and (c) Top tissues from low and high fiber 
genotypes. The red dots denote the significant DE transcripts, while the black dots denote 
the non-significant transcripts between the two cases. In the bar chart (right panel), the right 
y-axis indicates the number of transcripts for each GO term, while the left y-axis indicates 
the percentage of transcripts in each GO main category.  
 
The significant GO terms that had a p-value <0.05 in all-tissues L-H comparison was 
catabolic process GO:0009056, which belongs to the metabolic process in the BP category 
(up in low fiber genotypes). In the bottom-tissues L-H comparison, the significant GO terms 
were membrane-enclosed lumen GO:0031974 (down in the bottom tissues of the low fiber 
genotypes), organelle lumen GO:0043233 (down) (in the CC); metabolic process 
GO:0008152 (down), macromolecule metabolic process GO:0043170 (down), cellular 
metabolic process GO:0044237 (down), and primary metabolic process GO:0044238 
(down) (in the BP). In the top-tissues L-H comparison, none were significant at p-value 
<0.05, due to the low number of DE transcripts. The Mapman annotation (Figure 5.4.10a-c 
and Appendix VII) suggested that large proportions of the DE transcripts were attributed to 
bins 29 (protein), 27 (RNA), 20 (stress), 34 (transport), 16 (secondary metabolism), 31 (cell), 
33 (development), 26 (miscellaneous enzyme families), 21 (reduction-oxidation regulation), 
30 (signalling), 17 (hormone metabolism) and 13 (amino acid metabolism). A summary of 
the 17 transcripts that were involved in the sugar and fiber metabolism from MapMan 
annotation is presented in Table 5.4.3. These were derived from the total of 555 unique DE 
transcripts from the 3 fiber content-based comparisons. The up-regulated transcripts (in the 
low fiber genotypes) were callose synthase (GSL12) (log2FC =-3.031), alpha-amylase 
precursor (EC 3.2.1.1) (isozyme 1B) (log2FC =-3.223), photosynthesis helix protein (log2FC 
=-3.567), ALDP fructose-bisphosphate aldolase (log2FC =-4.497), UDP-arabinose 4-
epimerase 2 (log2FC =-4.606), 2-phosphoglycerate dehydratase 1 (log2FC =-4.331), and 
CCoAOMT 5 (log2FC =-4.294). The down-regulated transcripts were glucose-1-phosphate 
adenylyltransferase large subunit 1 (log2FC =1.050), granule-bound starch synthase 1b 
(log2FC =2.525), sucrose synthase 1 (Susy, EC 2.4.1.13) (log2FC =4.507), proteasome 
maturation factor UMP1 (log2FC =3.575), serine hydroxymethyltransferase (logFC =1.028), 
3-phosphoglycerate kinase (PGK) (log2FC =2.533), cellulose synthase isomer CesA6 
(log2FC =4.515), glyceraldehyde 3-phosphate dehydrogenase (GAP-DH) log2FC =1.874, 
CAD (log2FC =2.294), and COMT (log2FC =6.619). In addition, six dirigent proteins were 
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up-regulated in the high fiber genotypes compared to the low fiber genotypes, having been 
detected in both all-tissues L-H and bottom-tissues L-H comparisons. The transcripts 
associated with these proteins had a length ranging from 573 bp to 1,013 bp, and with a 
log2FC ranging from 2.8 to 5.5 (8 to 30-fold). Figure 5.4.11 shows the identified DE 
transcripts involved in the cell-wall metabolism. 
 
Figure 5.4.10 Mapman annotation of the DE transcripts between the low and high 
fiber genotyes: (a) All tissues from all genotypes, (b) Bottom tissues from low and high 
fiber genotypes, (c) Top tissues from low and high fiber genotypes. The classification is 
based on the Mapman annotation. PS denotes photosynthesis while CHO denotes 
carbohydrates. Blue color indicates up-regulation while red color indicates down-regulation 
in low fiber.  
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 Table 5.4.3 Differentially expressed transcripts involved in sugar and fiber accumulation between the low and high fiber genotypes 
Function 
classification 
TSA accession 
Length 
(bp) 
Description 
All tissues (1) Bottom tissues (3) Top tissues (2) 
log2FC padj log2FC padj log2FC padj 
Carbohydrate metabolism             
CHO meta. GFHJ01020794.1 5097 Similar to callose synthase (GSL12) -3.031 4.55E-02 - - -3.281 4.51E-02 
CHO meta. GFHJ01023689.1 5963 Alpha-amylase precursor (EC 3.2.1.1) (Isozyme 1B) - - - - -3.223 4.90E-02 
CHO meta. GFHJ01037300.1 4596 Glucose-1-phosphate adenylyltransferase large subunit 1 1.05 3.79E-02 - - - - 
CHO meta. GFHJ01012375.1 1318 Granule-bound starch synthase 1b (EC 2.4.1.242) 2.525 1.21E-02 2.676 2.45E-02 - - 
CHO meta. GFHJ01015836.1 2545 Sucrose synthase 1 (EC 2.4.1.13) - - 4.507 3.77E-02 - - 
Photosynthesis       
      
Photosynthesis GFHJ01093755.1 727 Encodes a one helix protein - - - - -3.567 8.16E-03 
Photosynthesis GFHJ01031690.1 1385 Fructose-bisphosphate aldolase (ALDP) (EC 4.1.2.13) - - -4.497 2.47E-02 - - 
Photosynthesis GFHJ01079929.1 562 Proteasome maturation factor UMP1 3.575 4.31E-03 - - - - 
Photosynthesis GFHJ01014544.1 1813 Serine hydroxymethyltransferase (EC 2.1.2.1) 1.028 5.19E-03 - - - - 
Photosynthesis GFHJ01011598.1 1658 Phosphoglycerate kinase, cytosolic (EC 2.7.2.3) - - 2.533 2.29E-02 - - 
Cell-wall metabolism     
      
Hemi.Syn. GFHJ01016359.1 1924 UDP-arabinose 4-epimerase 2 (EC 5.1.3.5) - - -4.606 2.29E-02 - - 
Glycolysis GFHJ01067367.1 835 2-phosphoglycerate dehydratase 1 (EC 4.2.1.11) - - -4.331 3.77E-02 - - 
Cellu.Syn. GFHJ01021631.1 1495 A cellulose synthase isomer, related to CESA6 4.515 1.57E-06 - - 4.462 3.29E-05 
Glycolysis GFHJ01029222.1 1644 Chloroplast/plastid localized GAPDH isoforms - - 1.874 4.19E-02 - - 
Lignin pathway       
      
Lignin.biosyn. GFHJ01052729.1 1079 Caffeoyl-CoA O-methyltransferase 5  CCoAOMT - - -4.294 4.32E-02 - - 
Lignin.biosyn. GFHJ01085183.1 589 Cinnamyl alcohol dehydrogenase  (CAD) 2.294 3.60E-05 - - 2.48 4.29E-04 
Lignin.biosyn. GFHJ01052435.1 1358 O-methyltransferase ZRP4 (EC 2.1.1.104) (COMT) - - 6.619 2.47E-06 - - 
Dirigent proteins 
 
GFHJ01087645.1 573 Dirigent protein 3.665 3.24E-03 8.254 5.90E-11 - - 
 
GFHJ01086725.1 741 Dirigent protein 5.454 1.96E-09 7.791 5.48E-10 - - 
 
GFHJ01076697.1 754 Dirigent protein 3.431 9.29E-03 4.389 3.66E-02 - - 
 
GFHJ01071693.1 872 Dirigent protein 2.885 1.31E-02 3.235 4.19E-02 - - 
 
GFHJ01078847.1 931 Dirigent protein 3.223 2.27E-02 5.211 4.92E-03 - - 
 GFHJ01086396.1 1013 Dirigent protein 3.368 1.21E-02 5.412 2.97E-03 - - 
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Negative log2FC values indicate that up-regulated in the low fiber group, while positive log2FC values indicate up-regulated in the high fiber 
group. padj: adjusted p-value: (1) between all pooled samples from low fiber genotypes and high fiber genotypes; (2) between top tissues 
of low and high fiber genotypes; (3) between bottom tissues of low and high fiber genotypes. CHO meta. Denotes CHO metabolism. 
Hemi.Syn denotes hemicellulose synthesis, Cellu.Syn. denotes Cellulose synthesis, and Lignin.biosyn. denotes lignin biosynthesis. 
 
 
 
 
Figure 5.4.11 Differentially expressed transcripts 
involved in cell-wall precursor metabolism between 
the low and high fiber genotypes. Log2FC was used, 
green color denotes the up-regulated transcript in the low 
fiber group while red color denotes the down-regulated 
transcript in the low fiber group. Each heatmap 
represents one identified differentially expressed 
transcript.   
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5.5. Discussion  
This chapter represents an effort to identify the transcripts involved in sugar and fiber 
accumulation by conducting differential expression analysis between the young and 
mature internodal tissues in the sugarcane plant, and between two groups of low and high 
fiber genotypes. The comparison between the young and the mature internodes could 
potentially pinpoint the transcripts that are associated with carbon partitioning to the major 
biomass components in the sugarcane culm over time. The comparison between the low 
and high fiber genotypes could reveal the transcripts associated with sugar and fiber 
accumulation between the two groups. It is important to note that the two groups of low 
and high fiber genotypes used in this study were respectively equivalent to two groups of 
high and low sugar genotypes, since on a dry biomass basis, these two components were 
negatively correlated (Chapter 3). Overall, 4 out of 5 genotypes in the low fiber group were 
commercial sugarcane genotypes, while 4 out of 5 genotypes in the high fiber group were 
high fiber genotypes derived by introgression of genes from the wild Saccharum 
spontaneum relatives. The fiber content in these genotypes ranged from 31 to 50% of total 
dry mass (total solids which include sugars, fiber and others in the sugarcane culm 
biomass). Due to the difficulty in sample collection and likely different ripening times 
between genotypes (discussed later in Section 5.5.3), it was not possible to include the 
most extreme genotypes of fiber content in the population (ranging from 29 to 64% of total 
dry mass). 
5.5.1. Transcript differential expression between the top and bottom tissues 
According to the literature, sugar and fiber (cellulose, hemicellulose and lignin) in 
sugarcane are largely developmentally regulated and, consequently, it is expected that 
genes/ transcripts involved in their biosynthesis are also developmentally regulated. In the 
sugarcane culm, the cell elongation and primary cell-wall deposition commences in 
internode 1, followed by the deposition of secondary cell-wall in internode 2, and then 
suberization and sucrose accumulation (Casu et al., 2007). Lignification has also been 
shown to start early in internode 1 (Jacobsen et al., 1992), and continues to increase until 
the fifth or sixth internode. After that, the lignin content appears to be similar between 
tissues (Casu et al., 2007, Bottcher et al., 2013). At the early developmental stage, the 
internode acts as strong sink for sucrose, supporting cell-wall synthesis and cell 
expansion, without an increase in sucrose concentration (Casu et al., 2015). The 
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accumulation of sucrose happens later, once the elongation ceases in maturing internodes 
and reaches a maximum in mature internodes (Jacobsen et al., 1992). After this, a major 
increase in cell-wall thickening (internode expansion) and lignification in the maturing 
tissues has been reported in Botha and Black (2000). It is, therefore, the transcripts 
expression associated with these changes in the culm development that are expected to 
be regulated, accordingly. Early studies on Arabidopsis thaliana showed that CesA1, 
CesA2, CesA3, CesA5, CesA6 and CesA9 function in the biosynthesis of the primary cell-
wall (Desprez et al., 2007, Persson et al., 2007), while CesA4, CesA 7 and CesA8 take 
part in the biosynthesis of the secondary cell-wall (Taylor et al., 2000, Taylor, 2007). Most 
CesA transcripts are down-regulated in the mature internodes compared to the young 
internodes, which reflects their roles in this type of tissues of the plant (Hall and Ellis, 
2013), however, CesA3 and CesA5 were found to be up-regulated, which is thought to be 
necessary for cell-wall maintenance (Casu et al., 2007, Casu et al., 2015) or could be for 
radial growth in the mature tissue. The pattern of expression of the CesA-like transcripts, 
on the other hand, being highly abundant in the immature tissues, have been reported to 
not follow the pattern observed for the CesA in the culm (Casu et al., 2007). Recently, 
Casu et al. (2015) suggests that primary cell-wall synthesis in the sugarcane culm could 
occur throughout the sugarcane culm but is particularly important in the storage 
parenchyma of the maturing culm, where the internode is fully expanded and actively 
storing sucrose.  
In this study, apart from 5 down-regulated transcripts, the remaining transcripts in the total 
151 identified DE transcripts directly involved in the fiber and sugar metabolism were up-
regulated in the top internodal tissues compared to the bottom internodal tissues. These 
up-regulated transcripts included those associated with the major carbohydrates, 
photosynthesis, several CesA and CesA-like transcripts, hemicellulose, cell-wall proteins, 
cell-wall precursors, major enzymes in the lignin pathway and dirigent proteins. The up-
regulation in this tissue-based comparison represents the active growth and metabolism in 
the young internodal tissues where all the transcripts involved were highly expressed, 
compared to the less active mature internodal tissues of sugarcane. The top internodal 
samples were derived from the fourth internodes from the top, while the bottom internodal 
samples were from the third internode from the bottom, of 12-month old sugarcane plants. 
Considering that each sample was pooled from four different plants and that there was 
plant-to-plant transcript expression variation, this could mean that the top internodal 
samples represented both the immature and maturing tissues, while the bottom internodal 
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samples could represent the mature tissues. Therefore, there would be highly expressed 
transcripts that regulate the cell-wall synthesis, lignification and sugar accumulation in the 
top internodal samples, whereas, these would be less active in the bottom internodal 
samples where most processes would be stopped or slowed down. That would also 
explain the up-regulation of the dirigent proteins (log2FC from 1.9 to 2.6) and down-
regulation of only 5 transcripts in the top internodal tissues compared to the bottom 
tissues. The dirigent proteins are hypothesized to play roles in scaffolding of lignin and 
biosynthesis of lignan (Davin et al., 1997, Burlat et al., 2001, Casu et al., 2004) and 
dirigent domain-containing proteins are involved in the patterning of lignin-based 
Casparian strip in the root of Arabidopsis thaliana (Hosmani et al., 2013). However, some 
studies argued that lignin biosynthesis may not be handled by dirigent proteins, since 
lignin is not optically active and lignin biosynthesis is chemically controlled (Ralph et al., 
1999, Hatfield and Vermerris, 2001, Wagner et al., 2012a). These proteins and a group of 
lignin-related enzymes (PAL, COMT and CCoAOMT) were found to be up-regulated in the 
maturing tissues when compared to the immature (Casu et al., 2004). 
5.5.2. Transcript differential expression between the low and high fiber genotypes 
This study identified 23 transcripts (including 6 dirigent proteins), out of 555 unique DE 
transcripts between low and high fiber genotypes, which were directly involved in sugar- 
and fiber-related pathways. The fewer DE transcripts in the fiber content-based analysis 
compared to the tissue-based analysis, could reflect that there were many DE transcripts 
between these two groups whose fold change was at a relatively low level and which was 
not detected as differential expression. The cut-off for differential expression in this study 
was set at a minimum of two-fold, while the increase/decrease in fiber content between the 
two groups of low and high fiber genotypes could from a combination of many up- or 
down-regulations involving transcript isoforms at a fold change less than the two-fold cut-
off point (as in Figures 5.4.5 and 5.4.9). In the previous tissue-based analysis, the 
difference between the samples was attributed to the developmental stages, in which 
some of the pathways were significantly active/inactive between the stages, while in this 
fiber content-based comparison, it could be that all pathways were comparably active 
between the two sample groups being compared. The other possibility could be that the 
selected genotypes were not very contrasting in terms of fiber content, resulting in a 
narrow difference between the expression of the low and high fiber genotypes. These 
factors, together with the multiple genes/transcripts controlling the accumulation of sugars 
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and fiber as discussed earlier, could explain the low number of DE detected in this 
analysis. However, the identified DE transcripts could reflect the most important enzymes 
and pathways that played key roles in the processes making the difference in the fiber 
content. These included the transcripts involved in carbohydrate metabolism, 
photosynthesis, cell-wall metabolism, lignin metabolism and dirigent proteins 
In relation to carbohydrate metabolism, callose synthase and alpha-amylase were up-
regulated in the top tissues of the low fiber compared to that of the high fiber genotypes, 
while granule-bound starch synthase 1b and sucrose synthase 1 (Susy) were down-
regulated in the bottom tissues of low fiber genotypes. Callose synthases regulate the 
biosynthesis of callose, a cell-wall polysaccharide found in many higher plant species. 
Callose is a β-1,3-glucan, and has important roles in many developmental processes, 
including cell division and growth, tissue differentiation, cell plate formation, pollen 
development, plasmodesmata and response to stress (Chen and Kim, 2009, Piršelová and 
Matušíková, 2013, Nedukha, 2015). Alpha-amylase on the other hand, plays roles in the 
starch degradation in the plant, breaking down the starch for other enzymes to act (Stanley 
et al., 2005). It is active when the stored carbohydrates are diverted back to the 
metabolism, as it is required for plant development. Granule-bound starch synthase 1b is 
responsible for synthesis of starch (amylose) and the final structure of amylopectin (Nelson 
and Pan, 1995), while Susy is the major enzyme of sucrose metabolism in sugarcane. The 
results indicate that, while all metabolic processes were probably happening in tissues of 
both groups of low and high fiber genotypes, there could be more active processes related 
to hemicellulose synthesis and starch degradation in the top tissues of low fiber, and more 
of starch synthesis and sucrose metabolism-related processes in the bottom tissues of 
high fiber genotypes.  
With respect to photosynthesis, there was one up-regulated transcript identified in the top 
internode of low fiber which is associated with one helix protein homologous to 
cyanobacterial high-light inducible protein. Between the bottom tissues of low and high 
fiber genotypes, fructose-bisphosphate aldolase was up-regulated while PGK was down-
regulated in the bottom tissues of low fiber genotypes. Fructose-bisphosphate aldolase is 
one of the enzymes of the Calvin cycle and is predicted to have the potential to control 
photosynthetic carbon flux and biomass yields (Uematsu et al., 2012), while PGK 
catalyzes 1,3-biphosphogrycerate and ADP to form 3-phosphoglycerate and ATP 
(Buchanan et al., 2015). Taking this together with 25 transcripts that were annotated as 
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being associated with photosynthesis in tissue-based analysis (see Figure 5.4.8), it was 
surprising to detect transcripts belonging to photosynthesis pathway in these samples, 
since they were derived from the sugarcane culms, a mostly non-photosynthetic tissue. It 
is not expected to have photosynthesis in the culm, especially in the more mature 
internodes. None of the data in the literature implies that significant photosynthesis occurs 
in this type of tissue. Photysynthesis requires a functional photosystem (PS) II and PSI 
system, carbon fixation and a reductive pentose phosphate (RPP) pathway (Sage, 2004, 
Sage et al., 2013). It is noteworthy that the RPP pathway is present in all plastids, which 
are found in sugarcane culms, as it is crucial for many vital reactions. Some of the 
enzymes detected are part of the RPP pathway and this could be explained in terms of as 
their roles in converting imported triose-P to starch, lipids and other cellular constituents 
(Patrick et al., 2013). However, there were some up-regulated photosynthetic enzymes 
detected in the DE analysis which belonged to the PSI and PSII, which cannot be 
explained without further research. It also could be that the photosynthesis was located in 
the green rind of the sugarcane culms which were not completely removed from the 
samples. 
In the cell-wall metabolism, there were two transcripts (UDP-arabinose 4-epimerase 2 and 
2-phosphoglycerate dehydratase 1) up-regulated in the bottom tissues of low fiber 
genotypes. UDP-xylose 4-epimerase is the enzyme that catalyzes a reversible reaction 
between UDP-arabinose and UDP-xylose (Burget and Reiter, 1999), while 2-
phosphoglycerate dehydratase 1 catalyzes the conversion of 2-phosphoglycerate to 
phosphoenolpyruvate (Forsthoefel et al., 1995). CesA6 was found down-regulated in the 
top tissues of low fiber genotypes, and GAP-DH was down-regulated in bottom tissues of 
low fiber genotypes. CesA6 is critical for cell elongation (Fagard et al., 2000); and GAP-
DH, which can be induced or repressed in sugarcane under abiotic stress, i.e. salt stress 
tolerance (Gupta and Kaur, 2005), was previously reported to be highly abundant in 
maturing culms (Casu et al., 2003). This result indicates that, apart from the similarly 
active processes between the two groups, processes related to internode elongation and 
cellulose synthesis were more active in the top tissues of the high fiber genotypes, 
compared to the top tissues in the low fiber genotypes, while those related to 
hemicellulose synthesis were more active in the bottom tissues of the low fiber genotypes. 
As mentioned earlier, the dirigent proteins could be involved in lignin biosynthesis. The 
down-regulation of these dirigent proteins and two enzymes in the lignin pathway (CAD 
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and COMT), together with the up-regulation of the CCoAOMT-5 in the low fiber genotypes, 
reflect their functions in lignin biosynthesis were not the same at a given developmental 
stage. CAD and COMT are involved in the final steps in the monolignol biosynthesis, while 
COMT and CCoAOMT also take part in the production of phenolic compounds (Vicentini et 
al., 2015). Therefore, while they were present in the lignin pathway, the up- or down-
regulation of these enzymes could also be interlinked to other pathways. In a comparison 
of the low and high lignin sugarcane genotypes, PAL-3 and C4H-1 were up-regulated in 
the low lignin genotype while COMT-1 was up-regulated in high lignin genotype (Vicentini 
et al., 2015). Only two transcripts related to lignin, C4H and CCoAOMT, were found up-
regulated in a study on 11 high-lignin guineagrass genotypes (Stabile et al., 2012). As 
discussed in Vicentini et al. (2015), after gathering the results of differential expression of 
several lignin genes, it was suggested that lignin deposition might be regulated at the 
transcriptional level, but also the post-transcriptional levels and by enzyme catalytic 
activities. Therefore, RNA-Seq data might not reflect all events in the lignin pathway, and 
therefore studies at post-transcriptional levels (i.e. proteome and metabolome) would be 
required to understand further lignin metabolism in the sugarcane plant. 
It is important to note that only the differential expression of transcripts that directly related 
to the fiber and sugar pathways were investigated in this thesis. However, the mechanisms 
that lead to the high and low fiber content in different genotypes could be explained in 
other ways. It is possible that the density (number) of vascular bundles in the sugarcane 
culms would be mainly responsible for the difference in the fiber content. High fiber 
genotypes could have a higher density of vascular bundles or even a different distribution 
(quantity) of fibers that surround the xylem and phloem in their culms, in comparison with 
that of the low fiber genotypes. If this is the case, then the transcripts related to cell 
division and differentiation could be as important as those involved in fiber and sugar 
pathways analysed in this study. As shown in Figure 5.4.10a-c, there were transcripts 
annotated as MapMan bin 17 (hormone metabolism); bin 27 (RNA.transcription factors); 
bin 31 (cell/cell function) including cell division/cycle, cell vesicle transport and cell 
organization; and bin 33 (development). This suggests that an investigation of the 
anatomical differences between low and high fiber genotypes might be worthwhile.  
5.6. Summary and Conclusion  
In this chapter, the SUGIT database from Chapter 4 was innitially used as reference 
sequences for the differential expression analysis. The results showed that 70-82% of the 
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total RNA-Seq data can be aligned against this database, and 57-76% of database 
sequences had reads mapped to it. This indicated that the database was suitable as the 
reference for transcript profiling and differential expression analysis for the present study. 
The proportion of RNA-Seq reads mapped to SUGIT database is generally lower than that 
of those mapped to RNA-Seq data-derived de novo assemblies found in the literature, 
ranging from 70 to 100%, i.e. in Duan et al. (2012), Nakasugi et al. (2014), and Rana et al. 
(2016). This is due to the fact that the SUGIT database contains mostly polyA RNA, while 
de novo contigs were assembled directly from RNA-Seq reads derived from various RNA 
types (discussed in Sections 4.4.4 and 4.5). On the other hand, the percentage of 
transcripts that had reads that mapped indicated the proportion of transcripts that were 
expressed in the culm tissues out of the total transcriptome database derived from leaf, 
culm and root tissues. 
The accumulation of sugar and fiber in sugarcane is a highly regulated process, and likely 
involves many genetic factors and QTLs. The differential expression analysis showed that 
there were many DE transcripts that are directly related to sugar and fiber metabolism, 
while others could belong to supporting pathways.  
A total of 1,649 differentially expressed transcripts were identified, within which 151 
transcripts were directly related to sugar and fiber metabolism, when comparing between 
the top and bottom internodal samples of the sugarcane culm. Most of these transcripts 
were up-regulated in the young internodes compared to the mature internodes, 
highlighting the growth phase of the two tissues being compared.  
When comparing the two groups of low and high fiber genotypes, there were a total of 555 
differentially expressed transcripts identified, of which only 23 transcripts were related to 
the accumulation of sugars and fiber. This could indicate that the differential expression 
level between the two groups might be less than two-fold, due to multi-factors contributing 
to fiber content and biomass accumulation. While only transcripts related to fiber and 
sugar accumulation were studied, the result suggests that an investigation of the 
anatomical differences between low and high fiber genotypes might be worthwhile; to 
further examine the transcripts might contribute to the mechanisms that lead to the 
difference in fiber content among genotypes.   
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Final Discussion and Future Directions 
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6.1. Final Discussion  
6.1.1. Research Overview 
 
The future of second generation biofuel production derived from sugarcane lignocellulosic 
biomass will depend greatly on advances in the understanding of the key biomass traits 
(i.e. sugar and fiber content) and the regulation of carbon partitioning between these major 
biomass components, in order to deliver more efficient and price-competitive biofuels. To 
date, the improvement of sugarcane biomass has been by traditional breeding, molecular 
genetics approaches, and more recently, accelerated with the use of NGS technology. 
Despite its academic and economic importance, there is not yet a reference genome 
available for sugarcane, due to the high level of heterozygosity and polyploidy in this 
complex genome. The complexity of this genome still remains a great bottleneck, which 
restricting the dissection of biomass traits. Several strategies have been proposed for 
sugarcane research to overcome the challenges, including those which were developed 
for important traits using genomic and transcriptomic approaches. This thesis aimed to 
advance the dissection and understanding of the genetic basis of the biomass traits for 
biofuel, including: (i) developing predictive models for high-throughput profiling of 
sugarcane culm-derived total biomass; (ii) constructing a new transcriptome reference for 
transcript profiling; and (iii) association studies of gene expression with the sugar and fiber 
accumulation in the sugarcane culm. The improved model development was used to 
reduce the time and cost in phenotyping, while state-of-the-art sequencing technology was 
adopted to obtain the full-length transcriptome without assembly, overcoming the 
challenges in transcriptome assembly using short-reads. These approaches enhanced the 
quality of the phenotypic data and the transcriptome database, and could potentially be 
applied for the dissection of other traits in sugarcane in the future. 
6.1.2. High-throughput biomass profiling of sugarcane biomass 
To develop suitable sugarcane varieties for biofuel production, it is required that the key 
biomass traits be evaluated and screened in a high-throughput and cost-effective way. The 
analysis of 331 biomass samples collected from a sugarcane population in this thesis 
demonstrated that the NIR spectroscopic methods could be used to predict sugarcane 
lignocellulosic biomass composition, allowing high-throughput assessment of sugarcane 
germplasm. This NIR spectroscopic method was coupled with the HPLC technique for 
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analysis of sugars in juice, which enabled the rapid profiling of sugarcane total biomass. 
This combined approach facilitated the screening of large populations for biomass key 
traits, providing phenotypic data sources for genotyping analysis to be conducted to 
identify the genetic factors underlining the traits of interest. The biomass compositional 
analyses indicated that the population studied possesses a wide variation in total solids, 
fiber and sugar content, which could be a valuable resource for biofuel research using the 
sugarcane culm-derived biomass. The biomass profiling data allowed the selection of 
representative and contrasting genotypes regarding to the fiber content and the fiber/sugar 
ratio to be included in the transcriptome construction and for associated studies at the 
transcriptional level using RNA-Seq. 
6.1.3. The reference sequence matters - revisited 
To overcome the lack of a reference sequence, a new sugarcane transcriptome database 
was generated by employing the PacBio full-length isoform sequencing. This new 
technology recovered more full-length transcripts with a longer N50, better protein metrics, 
including more ORFs and predicted transcripts, and higher average length of the largest 
1,000 proteins, compared to that of the de novo contigs from RNA-Seq of the same 
samples. The majority of the transcript isoforms captured in PacBio Iso-Seq were protein-
coding sequences (93.5%), while about 92.3% of PacBio transcript isoforms were 
annotated against the Viridiplantae protein database. The use of normalization and the 
inclusion of more tissue (different types/stages) in the Iso-Seq library preparation ensured 
the inclusion of rare and tissue-specific transcripts. The total set of 51,025 predicted 
transcripts in the study could be used to improve sugarcane gene models and sugarcane 
proteins in the sugarcane databases like SOGI that lack full-length sequences. The new 
dataset can serve as a reference database representing full-length transcript isoforms that 
are expressed in sugarcane key tissues, and facilitate differential expression analysis. 
6.1.4. Differential expression of biomass traits in sugarcane 
Sugarcane biomass derived from the culm contributes about 64% to the total aboveground 
biomass from the sugarcane system. Therefore, understanding the regulation of carbon 
partitioning to sugars and fiber in the sugarcane culm would potentially help sugarcane 
biomass production for biofuels. In the RNA-Seq analysis using the newly constructed 
transcriptome database, 70 to 82% of the total RNA-Seq read data were aligned against 
the SUGIT transcriptome database, while 57-76% of the transcripts in the transcriptome 
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database had reads aligned to the database (these would correspond to the active 
transcripts in the culm). These results suggest that the transcriptome generated from this 
study is suitable for use as a reference sequence for transcript expression analysis using 
the RNA-Seq data. Overall, the association studies of gene expression with tissue types 
and biomass content suggest that sugar and fiber accumulation are highly regulated in the 
sugarcane culm and involved several pathways. The DE transcripts identified in this 
analysis included those which were directly related to sugar and fiber metabolism, and 
others were from supporting pathways. Most of the total 151 sugar- and fiber-related 
transcripts (out of the total 1,649 DE transcripts) were up-regulated in the top tissues, 
compared to the bottom tissues of the sugarcane culm. These DE transcripts highlighted 
the difference in growth phase of the young and mature tissues being compared. On the 
other hand, out of a total of 555 DE transcripts identified between the two groups of low 
and high fiber genotypes, only 23 transcripts were found to be related to sugar and fiber 
metabolism. The results indicate that while these detected DE transcripts likely highlighted 
the most important pathways involved in sugar and fiber accumulation in the culm, there 
were up- or down-regulated transcripts at a relatively low level between the two groups 
which were not distinguished with the sample noises. These could be due to multi-factors 
contributing to fiber content and biomass accumulation as a whole. 
6.2. Future direction  
 
While the research output presented in this thesis provides useful information to facilitate 
the sugarcane research in the context of the current technologies, the following research 
recommendations could be considered for future research.  
Regarding sugarcane biomass profiling, while the data in this thesis represented samples 
collected from three years of the population trials, data collected from different locations 
using the same population could also be considered. This would increase the significance 
of the robustness of calibrations and developed predictive models. On the other hand, 
work is currently underway to develop a high-throughput wet chemistry approach for major 
sugarcane biomass components, using the samples from the same population as in this 
thesis. The results will provide complimentary reference values, allowing comparison and 
evaluation of the NIR predicted values obtained from this thesis. This work also aims to 
measure the lignin S/G ratio, enzymatic saccharification and xylan structures, of the 
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sugarcane total biomass. This could potentially suggest future new selection of contrasting 
genotype grouping of corresponding traits, so that the differences between traits of interest 
can be dissected. 
The upcoming release of the first draft genome for sugarcane (related information can be 
found at http://tinyurl.com/hxv7ymp will provide guidelines for the improvement of the 
PacBio transcriptome database generated from this thesis. The isoform prediction could 
be conducted once the whole genome sequence is available, to reduce the transcript 
abundancy and enable the estimation of the number of genes that were expressed and 
captured in the current database. By aligning the PacBio transcript isoforms sequences 
against the reference genome‚ the sugarcane transcript and gene models can be 
improved, and related information, such as the splicing sites, can be obtained. This has 
been demonstrated in Chapter 4 by using the sorghum genome sequences. The use of 
short-reads from Illumina RNA-Seq in mapping the reference genome would estimate and 
confirm the splicing sites, and the SNPs related to the homo(e)logous transcripts that 
originated from different homo(e)logs in the sugarcane genome.  
It is not necessary that the gene present in the genome corresponds to the transcript 
expression, proteome and subsequent metabolome, in the samples. Therefore, further 
analysis of the regulations at the translational level (proteome) and post-translational level 
(metabolome), as well as at the genome level, could further improve the understanding of 
the genetic basis of the biomass traits. A further time-course study using sugarcane 
genotypes of contrasting sugar and fiber content at different levels of maturity is being 
conducted. This ongoing research aims to examine the transcriptome at earlier stages of 
plant maturity, to better define the transcripts associated with the changes in these 
biomass components in the sugarcane culms at different developmental stages, between 
the low and high fiber genotypes. The current plan is proposed at the transcriptional level. 
However, similar experiments could be conducted at translational and post-translational 
levels. At the genome level, the research could be conducted using association studies, as 
discussed in Chapter 2. Accordingly, two bulks of low and high fiber genotypes selected 
from a segregating population are sequenced, and SNPs that are associated with the traits 
could be identified from the mapping. This, however, is only possible once the reference 
genome is available. 
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Appendix I. The Sugarcane Chloroplast Genome Assembly from Next Generation 
Sequencing of Total DNA, and Chloroplast Heteroplasmy Analysis 
 
Abstract 
  
The chloroplast genome of plants has been frequently sequenced using chloroplast DNA 
derived by techniques involving chloroplast isolation and/or amplification of chloroplast 
sequences. Using these approaches, sequence variations within individuals, or chloroplast 
heteroplasmy, has been reported in many plant species. More recently, next generation 
sequencing (NGS) technologies have allowed chloroplast genome sequences to be 
extracted from shotgun sequences of total plant DNA.  
In this study, DNA preparations varying in nuclear, mitochondrial and chloroplast 
enrichment were used to explore the potential to distinguish genuine chloroplast 
heteroplasmy from apparent heteroplasmy due to homologues of chloroplast genes 
inserted in other cellular genomes. The application of NGS to the analysis of the complex 
sugarcane system allowed a consensus chloroplast genome sequence to be assembled. 
Analysis showed that the variants were present only at frequencies that could be attributed 
to homologues of chloroplast sequences inserted in the nucleus or mitochondria.  
The result suggests that earlier reports of heteroplasmy in chloroplasts may have been 
due to contaminating sequences from other genomes (nuclear or mitochondrial) in 
chloroplast preparations or specific amplification of sequences from these genomes. This 
demonstrates that the ability to evaluate sequence abundance avoids the risk of attributing 
a chloroplast gene homologue from the nucleus or mitochondria to the chloroplast.  
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7.1. Introduction 
 
Land plant chloroplast genomes, in general, range from 120 to160 kb in size, are circular 
and consist of a quadripartite structure of two inverted repeat regions (IRa and IRb), one 
large single copy (LSC) and one small single copy (SSC) (reviewed in Palmer, 1985). The 
chloroplast is generally maternally inherited (Pyke, 1999) and its genome is considered to 
be conservative since it does not undergo recombination, has a slow mutation rate (Schaal 
et al., 1998), and is present in high copy number contributed to by several hundreds of 
chloroplasts per cell and several genome copies per chloroplast (reviewed in Lutz et al., 
2011). Hence, the chloroplast genome (cp-genome) sequence has been used in many 
fields of biology, including phylogenetics, evolutionary biology, plant barcoding and 
identification (Schaal et al., 1998, Group et al., 2009, Atherton et al., 2010).  
Plant cells contain DNA originating from the nucleus and two sub-cellular organelles, the 
chloroplast and the mitochondria, with exchange of genetic material between these 
organelles (reviewed in Gao et al., 2014). Various studies have reported the transfer and 
insertion of genetic material from the chloroplast into the nuclear and mitochondrial DNA 
and found this to be more common than insertion of genetic material into the cp-genome 
from the nucleus or the mitochondria (Marechal-Drouard et al., 1995, Marienfeld et al., 
1999, Kubo et al., 2000, Duchene and Marechal-Drouard, 2001, Ogihara et al., 2002, 
Handa, 2003, Turmel et al., 2003, Clifton et al., 2004, Wang et al., 2007, Woodson and 
Chory, 2008, Cullis et al., 2009). The transfer of DNA from the cp-genome (and from the 
mitochondrial genome) into the nuclear genome is considered a part of the evolutionary 
process in eukaryotic genomes (Martin and Herrmann, 1998, Martin, 2003, Nergadze et 
al., 2010, Gao et al., 2014). This kind of transfer of genetic material between sub-cellular 
organelles containing genomes can result in the integration of sequence-homologues of 
one sub-cellular genome in other sub-cellular genome; for example, chloroplast-specific 
sequences being integrated into the mitochondrial or nuclear genomes (cp-DNA-insert 
sequences) (Nakazono and Hirai, 1993, Unseld et al., 1997, Notsu et al., 2002, Clifton et 
al., 2004, Wang et al., 2007). In fact, the plant mitochondrial genome is known to expand 
by integrating and propagating a significant amount of external immigrant DNA 
corresponding to sections of the chloroplast and nuclear genomes (Marienfeld et al., 1999, 
Duchene and Marechal-Drouard, 2001, Notsu et al., 2002, Archibald and Richards, 2010, 
Gao et al., 2014). Various studies have indicated that a very slow mutation rate of the 
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chloroplast DNA, as compared to the mitochondrial DNA and the nuclear DNA, results in 
variation of these cp-DNA-insert sequences in the nucleus or mitochondria, in comparison 
to the corresponding original chloroplast sequences (cp-sequences) (Zurawski et al., 1984, 
Palmer, 1992, Smith, 2015). When assessing the presence of more than one type/species 
of chloroplast in a cell, defined by the term heteroplasmy (Johnson and Palmer, 1989), the 
exclusion of the cp-DNA-insert sequences from genuine cp-DNA is necessary. This would 
otherwise lead to the inclusion of SNP variants from these insertions, and consequently, to 
a false deduction of the presence of chloroplast heteroplasmy.  
Heteroplasmy has been reported in mitochondrial genomes and cp-genomes in many 
organisms, such as human, animals and plants (as reviewed in Chat et al., 2002). 
Chloroplast heteroplasmy is believed to originate from bi-parental inheritance, a slow rate 
of spontaneous mutation or recombination of the cp-genome, or incomplete cp-genome 
sorting, which happens in the cp-genome (Lax et al., 1987, Corriveau and Coleman, 1988, 
Chat et al., 2002, Frey et al., 2005), although the genome itself is considered to be highly 
conservative. Despite the fact that there are thousands of cp-genome copies in the cells, 
heteroplasmy was once thought to be uncommon in higher plant cp-genomes. Instead, the 
homogeneity of these copies, known as homoplasmy, was more often observed and 
assumed (Johnson and Palmer, 1989, Chat et al., 2002). Nevertheless, the presence of 
heteroplasmy has been reported in the chloroplasts of many plants (i.e. in Moon et al., 
1987, Johnson and Palmer, 1989, Fitter et al., 1996, Frey, 1999, Chat et al., 2002, Hansen 
et al., 2007, Sabir et al., 2014) and these more recent studies have suggested that 
heteroplasmy in higher plant cp-genomes may be more common than was previously 
thought. The more recent widespread reports of chloroplast heteroplasmy/variants have 
followed the application of advancing sequencing technologies to sequences often 
amplified by PCR, of purified chloroplast fractions (i.e. in Chat et al., 2002, Frey et al., 
2005), or whole genome shotgun sequencing (i.e. in McPherson et al., 2013, Sabir et al., 
2014). Most analyses have been based on cp-genome sequence data obtained from 
purified/enriched chloroplast preparations and PCR amplification of the cp-genome. 
However, methods for chloroplast isolation, although designed to provide separation from 
the mitochondrial and nuclear DNA, may not eliminate all of the mitochondrial and nuclear 
DNA, even in carefully prepared chloroplast preparations (Diekmann et al., 2008, Shi et 
al., 2012, Vieira et al., 2014). The PCR amplification of chloroplast DNA may also amplify, 
or preferentially amplify, cp-DNA-insert sequences in the mitochondria or nucleus (Walsh 
et al., 1992, Frey et al., 2005). Thus, the above strategies may not have the ability to 
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conclusively exclude or to identify and filter out chloroplast sequence-variants attributable 
to the cp-DNA-insert sequences from the mitochondria or nucleus, when testing for the 
presence of heteroplasmy.  
The use of next generation sequencing allows the shotgun sequencing of whole plant 
genomic DNA, while sequence analysis software is able to assemble a cp-genome from 
this data (Nock et al., 2011, Brozynska et al., 2014). Processing of NGS data using 
standard analysis software has the advantage that all NGS sequence reads contributing to 
the chloroplast assembly can be processed for variant analysis to identify variants and 
their frequency at each base position. Although a plant cell has many copies of the 
chloroplast and mitochondrial genomes, cp-genomes are many times more abundant than 
mitochondrial genomes (for example, in Arabidopsis leaf, there are 1,000 to 1,700 cp-
genomes per cell (Zoschke et al., 2007), and there are about 100 copies of the 
mitochondrial genomes per cell, depending on the physiological state) (Wang et al., 2012). 
In sugarcane, there could be 8 to 12 copies of one gene in the nucleus (Souza et al., 
2011). Thus, algorithms for the assembly of cp-genome sequences are set to resolve base 
call conflicts (alleles) at any given position, based on the majority nucleotide/highest 
frequency assumed to be contributed by genuine chloroplast reads. Variant analysis can 
then be used to identify all alleles and their frequency in the assembled sequence reads. 
Base call variant frequencies can be used to attribute variants to chloroplast, mitochondrial 
or nuclear genome origin.  
7.2. Hypothesis and aims 
In this study, sugarcane, with a large and complex polyploid genome (Souza et al., 2011) 
and as a C4 plant with two types of photosynthetic cells (Maai et al., 2011), was used, 
serving as a test case for cp-genome assembly based upon total cellular genomic DNA 
sequencing, to check for the presence of chloroplast heteroplasmy. A DNA preparation of 
whole leaf tissue and DNA preparations designed to be enriched in either mesophyll or 
bundle sheath chloroplasts, were used. The DNA preparations varying in nuclear, 
mitochondrial and chloroplast enrichment were used to explore the potential to distinguish 
genuine chloroplast heteroplasmy from apparent heteroplasmy. 
7.3. Materials and methods  
7.3.1. Sample preparation  
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Leaf tissue of sugarcane hybrid (Saccharum spp. hybrids) cv. Q155 was collected from 
plants growing at the Gatton campus, University of Queensland, Australia. DNA was 
extracted from whole leaf tissue (WL), from mesophyll cells (MC), and from bundle sheath 
cells (BC) of sugarcane cv. Q155. Mesophyll cell chloroplast DNA (MC-cp-DNA) and 
bundle sheath cell chloroplast DNA (BC-cp-DNA) were prepared after chloroplast isolation 
from MC and BC cells of whole expanded leaf tissue, as described in Majeran et al. 
(2005). To extract whole leaf DNA (WL-DNA), leaf tissue was ground to a fine powder 
under liquid nitrogen before extraction. DNA from these three tissue preparations was 
extracted following the modified CTAB method described in Furtado (2014a). DNA quality 
was determined by assessing purity using the measurement of the absorbance ratio, 
A260/A280, with a NanoDrop (Life technologies, U.S) and by assessing the amount of 
high molecular weight DNA by resolving the DNA on a 0.7% agarose gel with SYBR safe 
(Invitrogen, U.S) staining. The results are presented in Figure 7.3.1a. 
7.3.2. DNA sequencing 
Whole genome shotgun sequencing of the isolated DNA was conducted by the Australian 
Genomic Research Facility, Melbourne, Australia. About 5 µg of each DNA sample was 
used for indexed-library preparation, followed by sequencing using an Illumina HiSeq 2000 
platform to obtain 100 bp paired-end sequence data. Indexed libraries of the three DNA 
samples and of a fourth unrelated sample, were proportionately mixed at 40% for the WL-
DNA preparation and at 10% each for the MC-cp-DNA and BC-cp-DNA preparations. The 
data was generated with the Illumina CASAVA pipeline ver.1.8.2. About 130 million reads 
of the WL-DNA sample and 36 million reads each for the MC-cp-DNA and BC-cp-DNA 
samples were generated. The data was imported into the CLC Genomics Workbench 
version 7.0.4 (CLC-GWB v7.0.4, CLC Bio-Qiagen, Aarhus, Denmark) analysis software 
using Illumina import for paired-end reads, removing failed reads and quality scores set, as 
for Illumina Pipeline 1.8. Read trimming was done with a quality score limit of 0.05, with a 
maximum number of 2 ambiguous nucleotide being allowed after trimming and discarding 
the reads with length below 95 bp. Only paired reads were used for this study. The results 
are presented in Figure 7.3.1b and c. 
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Figure 7.3.1 Summary of three samples, WL-DNA, MC-cp-DNA and BC-cp-DNA, used 
in this study. a, Quality of DNA extracted from three samples on 0.7% agarose in 
comparison with standard DNA. b, Illumina sequencing data summary before and after 
trimming. c, Per base sequence quality graphs of trimmed reads from three samples. The 
x axis represents the base position in the reads while y axis represents the Phred score 
per base position  
7.3.3. Reference cp-sequence used for the mapping-derived chloroplast assembly 
The publically available annotated cp-genome sequence of sugarcane cv. SP80-3280 (S. 
spp. hybrids, GenBank Accession Number: AE009947.2) was accessed and its start 
position changed to reflect the standard sequential order of LSC-IRa-SSC-IRb before its 
use as a reference cp-sequence for the mapping-assembly-derived chloroplast assembly 
of the WL-DNA, the MC-cp-DNA and BC-cp-DNA samples of sugarcane cv. Q155. At 
present, there are two cp-genome sequences of sugarcane available in the Genbank, 
belonging to S. spp. hybrids cv. SP80-3280 and cv. NCo310 (GenBank Accession 
Number: AP006714.1). Both these cp-genome sequences are 141,182 bp in length and 
differ at 14 nucleotides, due to differences in base content and length of the large single 
copy (LSC) and inverted repeat (IRb) (presented in Results). The IRs of the NCo310 cp-
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genome are identical inverted copies, whereas the IRa and IRb of the SP80-3280 cp-
genome have four different nucleotides, including one single-base insertion, resulting in 
IRb being one nucleotide longer than the IRa.  
7.3.4. Mapping assembly process to assemble cp-sequence using NGS reads 
The reference guided mapping tool of the CLC-GWB v7.0.4 was used to obtain mapping-
files containing the mapping-assembly-derived cp-genome sequence for each of the three 
DNA samples of sugarcane cv. Q155. Read mapping parameters were set with a length 
fraction at 1.0, similarity fraction at 0.8, mismatch cost at 2, gap (insertion and deletions, 
InDels) cost at 3 and global alignment setting. Due to the nature of the inverted repeat 
regions in the cp-genome, and for assembly of both inverted repeat regions, the match 
mode for non-specific matching was set at random. To eliminate the contribution of the 
mitochondrial DNA and nuclear DNA reads to the mapping consensus, the conflict 
resolution mode was the voted majority. Each of the mapping-files was subjected to the 
Structural Variant and Local Realignment analysis (SV-LR analysis) tool within the CLC-
GWB v7.0.4, to correct for structural errors in the assembled cp-sequence. The resulting 
SV-LR-mapping file for each of the three DNA samples resulted in a mapping-assembly-
derived cp-sequence, referred to as the WL-cp-Map-sequence, MC-cp-Map-sequence and 
BC-cp-Map-sequence. 
7.3.5. De novo assembly process to assemble cp-sequence using NGS reads 
Due to the different proportion of chloroplast reads in each sample, different parameters 
for de novo assembly of the three DNA samples were used. The reads corresponding to 
the MC-cp-DNA and the BC-cp-DNA samples were assembled into contigs using the 
default parameters of de novo assembly in the CLC-GWB v7.0.4, automatic word size and 
bubble size, perform scaffolding, auto-detect paired distances and minimum contig length 
of 200 bp. For the WL-DNA sample, the results did not generate overlapping contigs 
covering the entire reference, as was the case with the MC-cp-DNA and the BC-cp-DNA 
samples. Thus, amended settings of word size and bubble size ranging from 20 to 60 and 
50 to 800, respectively, were used to determine the best settings for the de novo assembly 
(data not shown). Long and overlapping contigs were obtained using settings of 40 and 
800 for word size and for bubble size, respectively. All contigs obtained from the de novo 
assembly were extracted and subjected to BLAST analysis against the SP80-3280 
chloroplast reference sequence. The contigs with an e-value of zero were selected, their 
alignment to the reference sequence checked and those which showed a complete match 
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were updated using the CLC-GWB v7.0.4 to obtain the updated-contig-mapping files. 
Updated contigs of each of the DNA samples were anchored to the SP80-3280 chloroplast 
reference sequence using the alignment software Clone Manager 9 Professional Edition 
(Clone Manager 9, SciEd, U.S) followed by contig stitching leading to the de novo-
assembly-derived cp-sequences for the WL-DNA, the MC-cp-DNA and BC-cp-DNA 
samples and referred to as WL-cp-Denovo-sequence, MC-cp-Denovo-sequence, and BC-
cp-Denovo-sequence, respectively.  
7.3.6. Final chloroplast consensus sequences and annotation 
For each of the DNA samples, the mapping-assembly-derived and the de novo-assembly-
derived consensus cp-sequences were aligned to the SP80-3280 chloroplast reference 
sequence using Clone Manager 9. Alignment files were checked for mismatches and 
manually curated by crosschecking the mismatch position in the SV-LRA-mapping files 
and the updated-contig-mapping files to obtain the final consensus cp-sequences for the 
WL-DNA, the MC-cp-DNA and BC-cp-DNA samples. The final cp-sequence of sugarcane 
of cv. Q155 was annotated by Dual Organellar Genome Annotator (DOGMA) (Wyman et 
al., 2004) and a chloroplast map was drawn by OrganellarGenomeDRAW (Lohse et al., 
2013).  
7.3.7. Estimating proportions of chloroplast, mitochondrial and nuclear reads in 
sequence data of all three DNA preparations 
Gene sequences of ten chloroplast genes, six mitochondrial genes and four nuclear genes 
of sugarcane were used (Table 7.3.1). Ten sugarcane chloroplast genes were extracted 
from the annotated Q155 cp-genome. For mitochondrial genes, due to the unavailability of 
a sugarcane mitochondrial genome, eight sugarcane mitochondrial genes were assembled 
using reads from the sequence data from this study and the sorghum mitochondrial genes 
as the reference. These chloroplast and mitochondrial genes were confirmed as single 
copy genes and only found in chloroplast and mitochondria (Koch et al., 2001, Bowman et 
al., 2013). For the single copy nuclear genes, four Sucrose Phosphate Synthase (SPS, EC 
2.4.1.14) genes from four sugarcane SPS families, which were found to be represented by 
a single gene in each family (McIntyre et al., 2015), were used. The proportions of 
chloroplast-, mitochondrial- and nuclear-specific reads in the sequence data of all the three 
DNA samples were determined as follows. The trimmed reads from each of the DNA 
preparations were mapped to known single copy genes from the chloroplast, mitochondrial 
and the nuclear genome with a length fraction at 1.0, similarity fraction at 0.95, mismatch 
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cost at 1, gap cost at 3, and global alignment setting. The average read coverage of the 
mitochondrial genes was compared to the average read coverage of chloroplast genes to 
determine the proportion of the mitochondrial reads in the sequence data from each of the 
DNA sample. Similar analysis was correspondingly undertaken to determine the proportion 
of the nuclear reads in the sequence data from each of the DNA sample.  
Table 7.3.1 List of genes used for contamination estimation. 
 
*Sugarcane mitochondrial genes were assembled using genes from the sorghum 
mitochondrial (mt) genome as a reference 
 
7.3.8. Estimation the fraction of non-cp-contaminating-DNA reads mapped to Q155 
cp-sequence 
The non-cp-contaminating-DNA reads (from the cp-DNA-insert sequences in the 
mitochondria and nucleus when contaminated the chloroplast preparations) in sequence 
data of each of the DNA preparations were estimated as follows. The proportion of 
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mitochondrial reads in sequence data of each DNA preparation, as determined in the 
Section 7.3.7, reflected the fraction of the total reads mapped to the Q155 cp-genome 
corresponding to the non-cp-contaminating-DNA from the mitochondria. Similarly, the 
proportion of nuclear reads in sequence data of each DNA preparation, as determined in 
the previous section, reflected the fraction of the total reads mapped to the Q155 cp-
genome corresponding to the non-cp-contaminating-DNA from the nucleus.  
7.3.9. SNP variant analysis in reads mapped to Q155 cp-sequence     
The reference sequence used in all read mapping for variant and heteroplasmy analysis 
was the final cp-sequence of sugarcane cv. Q155, the corrected cp-sequence derived by 
comparison of the mapping-assembly-derived cp-sequences to that derived by de novo-
assembly (described in previous sections). To detect the variants, reads were mapped to 
the reference using the same parameters as for non-cp-contaminating-DNA analysis in 
Sections 2.7 and 2.8, with a length fraction at 1.0 and similarity fraction 0.95, the mismatch 
cost at 1, gap cost at 3 and global alignment setting. This was to ensure all the reads were 
considered in mapping and to favor SNPs (mismatches) over InDels, allowing up to a 
maximum of 5 SNPs in each of the ~100 bp sequence reads to be mapped. The mapping 
files were then subjected to Quality-Based Variant Detection in the CLC-GWB v7.0.4 at 
mvf of 1% (determined by using the error rate of Illumina sequencing instruments, ~0.1-1% 
(Meacham et al., 2011, Loman et al., 2012)). To prevent reads from one junction mapping 
to the other junction in the cp-genome, such as between LSC-IR, IR-SSC, SSC-IR, IR-LSC, 
causing spurious SNPs, all the broken reads were ignored. To include the SNPs within the 
IR regions of the genome, the non-specific reads mapped to the IR regions were included. 
SNPs were then categorized as common between three samples, common between two 
samples or unique variants found only in one sample. The resulting SNPs were analysed 
across the three samples using total coverage, variant coverage and variant frequency, to 
check for chloroplast heteroplasmy or variants due to possible cp-DNA-insert sequences 
present in the mitochondrial and nuclear genomes. 
7.4. Results  
7.4.1. Sugarcane cp-genome assembly 
High quality DNA was extracted from sugarcane (Saccharum spp. hybrids) cv. Q155 from 
WL tissue, and from preparations of MC-cp and BC-cp and sequenced (see Section 7.3.1). 
The cp-genome assembly procedure (Brozynska et al., 2014), with further modification 
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(Furtado et al, unpublished) used for this study as described in Figure 7.4.1A, has been 
applied successfully to the rice cp-genome, a diploid species. About 3.1% (3,330,570 
reads), 0.8% (234,647 reads) and 0.5% (143,197 reads) of WL-DNA reads, MC-cp-DNA 
reads and BC-cp-DNA reads, correspondingly, were mapped to the SP80-3280 chloroplast 
reference sequence (Figure 7.4.1B). Three mapping-assembly-derived cp-sequences, the 
WL-cp-Map-sequence, MC-cp-Map-sequence and BC-cp-Map-sequence, were extracted 
for the three samples, 141,182 bp in length, showing seven, nine and 12 differences 
compared to the SP80-3280 cp-genome sequence (Table 7.4.1). For de novo assembly of 
three samples, there were 523,854, 251,339 and 258,657 contigs obtained from WL-DNA, 
MC-cp-DNA and BC-cp-DNA samples, respectively (Figure 7.4.1C). Only three contigs in 
each sample were identified as cp-contigs (Figure 7.4.1D), in which contig 3, 
corresponding to the IR regions of the cp-genome, had coverage twice as deep as the 
other two contigs corresponding to the LSC and SSC regions in the genome (Figure 
7.4.1E). After updating these cp-contigs, one inverted copy of the IR contig was created, 
making four cp-contigs and covering the full-length of the SP80-3280 reference, 
determined by the overlapping ends (slightly varied in length in three samples) (Figure 
7.4.1F). Finally, three de novo-assembly-derived cp-sequences, namely, WL-cp-Denovo-
sequence, MC-cp-Denovo-sequence and BC-cp-Denovo-sequence, were extracted from 
the assembly, having identical base content and the same length of 141.181 bp.  
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Figure 7.4.1 Sugarcane chloroplast genome assembly of cultivar Q155. A, 
Schematics of two approaches, mapping assembly and de novo assembly, used in this 
study. B, Results of mapping assembly of cp-genome of three samples, WL-DNA, MC-cp-
DNA and BC-cp-DNA, representing reads after trimming, reads mapped to the reference, 
and percentage of read mapped. C, Summary of de novo assembly results of three 
samples, showing the number of contigs, the longest contig and N50 (median contig size 
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of the genome assembly). D, Three identified chloroplast contigs and their length in three 
samples. E, The average coverage of three chloroplast contigs in which contig 3, 
corresponding to the IRs in the cp-genome, showed double the coverage compared to 
contig 1 and contigs 2 (corresponding to LSC and SSC). F, Contigs aligned to the 
reference sequence in Clone Manager 9, including contig 1 (LSC), contig 2 (SSC) and two 
contig 3 (IRa and IRb). 
 
 
 
To construct a final consensus sequence for the cp-genome of sugarcane cv. Q155, three 
mapping-assembly-derived cp-sequences from reference-guided assembly and one de 
novo-assembly-derived cp-sequence were aligned to the reference SP80-3280 cp-
sequence to check for mismatches (Table 7.4.1). After checking the alignment for 
mismatches in combination with crosschecking of the mismatch positions in the SV-LRA-
mapping-files and the updated-contig mapping files, at all positions of mismatches, de 
novo-assembly-derived cp-sequence (which was consensus of three identical sequences) 
was more accurate in comparison to the mapping-assembly-derived cp-sequences, in 
terms of coverage and read alignment. Amongst the mapping-assembly-derived cp-
sequences, the WL-cp-Map-sequence (high coverage) was more accurate compared to 
the MC-cp-Map-sequence and BC-cp-Map-sequence (lower coverage). The WL-cp-Map-
sequence differed from the de novo-assembly-derived cp-sequence at only three 
positions, while the MC-cp-Map-sequence and the BC-cp-Map-sequence differed at five 
and eight positions, respectively. All of the mismatched positions detected in the mapping 
assembly were due to the SP80-3280 cp-genome being used as a reference (described in 
Discussion). The final cp-sequence of sugarcane of cv. Q155 is exactly the same as de 
novo-assembly-derived cp-sequences. It is a typical grass cp-genome, with total length of 
141,181 bp (one base shorter than NCo310 and SP80-3280 cp-genomes) and composed 
of a LSC (83,047 bp), a SSC (12,544 bp) and two identical IRs (22,795 bp each) (Figures 
7.4.2A and 7.4.2B). The average coverage was determined by mapping all trimmed reads 
of three samples to the final cp-sequence of Q155 and was 2,357x, 166x and 101x for the 
WL-DNA, MC-cp-DNA and BC-cp-DNA samples, respectively (Figure 7.4.2C).  
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Table 7.4.1 Alignment mapping-assembly-derived and de novo-assembly-derived 
chloroplast sequences to the SP80-3280 chloroplast sequence. A, Alignment of three 
mapping-assembly-derived cp sequences, de novo-assembly-derived cp sequence to the 
reference SP80-3280. B, Details of the non-matches between mapping-assembly-derived 
cp sequences, de novo-assembly-derived cp sequence of three samples and the 
reference. Differences between mapping-assembly-derived cp sequences, de novo-
assembly-derived cp sequence are highlighted in grey colour. *Positions are in the 
reference sequence (SP80-3280). 
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Figure 7.4.2 Chloroplast genome of sugarcane cultivar Q155 and differences from 
the other two sugarcane chloroplast genomes. A, The cp-genome map of Saccharum 
spp. hybrids cultivar Q155. Genes outside the circle are transcribed clockwise while genes 
inside the circle are transcribed counter-clockwise. The thick lines in the outer circle 
indicate IRs. The inner graph shows the GC content of the genome. The red arrows 
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indicate genes/RNAs involved in differences between three sugarcane genomes. B, 
Length difference in Q155 cp-genome in comparison with the other two cp-genomes from 
NCo310 and SP80-3280. C, Mapping results of trimmed reads to three sugarcane cp-
genome, NCo310, SP80-3280 and Q155. The average coverage, minimum coverage of 
NCo310 and Q155 are similar, hence, combined in the same column. Read mapping 
parameters were set with a length fraction at 1.0, similarity fraction at 0.8, mismatch cost 
at 2, gap cost at 3 and global alignment setting. D, Positions of difference and genes 
involved in chloroplast genome of Q155 comparing to NCo310, SP80-3280 (between 
Q155 and SP80-3280 in bold). Positions in table refer to the SP80-3280 cp-genome; at 
deletions in SP80-3280 cp-genome, positions in NCo310 cp-genome are referred.  
 
 
 
 
 
 
The Q155 cp-sequence when compared to the published cp-sequences of sugarcane cv. 
NCo310 (Asano et al., 2004) and cv. SP80-3280 (Calsa Júnior et al., 2004), differed at five 
and nine nucleotide positions, respectively (Figure 7.4.2D). These nine and five 
differences made up a total of 14 nucleotide positions, which were exactly the differences 
between two cp-genomes of NCo310 and SP80-3280. At all of the 14 nucleotide positions, 
the Q155 sequence agreed with that of NCo310 or with SP80-3280 but did not agree with 
both sequences. Thus, a consensus nucleotide call at each of the 14 positions, based on 
the comparing all three sequences, was in agreement at all 14 positions with that of the 
Q155 sequence. There were two protein encoding genes, two transfer RNAs, and one 
ribosomal RNA, involved in these differences. Other positions of difference occurred in the 
intergenic regions of the genome. Overall, there was one deletion in NCo310 and SP80-
3280 but two in Q155, making the Q155 cp-genome one base shorter than the other two. 
The complete sequence of the annotated sugarcane cultivar Q155 chloroplast genome 
was deposited in the NCBI with accession number KU214867. 
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Figure 7.4.3 The gene coverage, and proportions of chloroplast, mitochondrial and 
nuclear reads in sequence data mapped to the cp-sequence of all three DNA 
preparations. A, The WL-DNA sample. B, The MC-cp-DNA sample. C, The BC-cp-DNA 
sample. Data in the column of proportion compared to cp (%) represent the mean and 
standard deviation (S.D). 
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7.4.2. Fractions of non-cp-contaminating-DNA in sequence data mapped to the cp-
sequence of all three DNA preparations 
Mapping of the sequence reads from each of the three DNA preparations to a set of known 
chloroplast, mitochondrial and nuclear single copy genes provided the proportion of 
sequence reads corresponding to the three genomes in each preparation. The average 
coverage of chloroplast-, mitochondrial- and nuclear-specific reads in the sequence data of 
all the three DNA samples was determined based on the coverage of the known gene sets. 
The proportions of mitochondrial reads and nuclear reads in the sequence data of the WL-
DNA sample were estimated to be 6.5-13.6% and 0.2-0.7%, respectively (Figure 7.4.3A). 
Similarly, the proportion of mitochondrial and nuclear reads in the MC-cp-DNA sample 
ranged from 2.5-7.8% and 0.3-3.5% respectively (Figure 7.4.3B), and in the BC-cp-DNA 
sample ranged from 5.1-14.7% and 0.6-5.2% respectively (Figure 7.4.3C). These ranges 
correspond to the estimated fraction of the non-cp-contaminating-DNA reads in the 
sequence data of each of the DNA preparations, due to cp-DNA-insert sequences in 
mitochondrial genome and cp-DNA-insert sequences from the nucleus. This analysis 
indicated that in the WL-DNA preparation, a maximum of 13.6% and 0.7% of the total 
reads mapped to the Q155 cp-genome corresponded to the non-cp-contaminating-DNA 
from the mitochondria and the nucleus, respectively. Likewise, the MC-cp-DNA and BC-
cp-DNA preparations had a maximum of 7.8% and 14.7%, respectively, of non-cp-
contaminating-DNA from mitochondria, and 3.5% and 5.2% of non-cp-contaminating-DNA 
from nucleus.  
7.4.3. Analysis of variants  
Initially, at 1% of mvf, there were 85 SNPs detected in the WL-DNA sample, while 261 and 
265 SNPs were detected in the MC-cp-DNA and BC-cp-DNA samples, respectively (data 
not shown). Many of the SNPs in the latter two samples had a low frequency, between 1% 
and 5%, and were not detected in the WL-DNA sample, which was probably attributable to 
the higher fraction of non-cp-contaminating-DNA reads from the nucleus in these two 
samples or due to lower sequence coverage for these two samples. Therefore, to simplify 
the analysis, all 85 SNPs in the high-coverage WL-DNA sample were retained for further 
assessment, whereas the SNPs in the two lower coverage samples, MC-cp-DNA and BC-
cp-DNA, were filtered for low variant read-count (the number of reads having the variant). 
The read-count threshold was determined based on the coverage of the cp-genome 
assembly and the estimated fraction of non-cp-contaminating-DNA reads from the nucleus 
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in each sample. These were 166x and 3.5%; 101x and 5.2% in MC-cp-DNA and BC-cp-
DNA samples, respectively, hence, the read-count threshold was determined at 6 for the 
MC-cp-DNA sample and 5 for the BC-cp-DNA sample. All SNPs with read-count less than, 
or equal to, the threshold in these two samples were removed, except SNPs which were 
also detected in the WL-DNA sample. Of the 261 SNPs found at mvf of 1% in MC-cp-DNA 
sample, and after removing the SNPs with low read-count, 42 SNPs were retained. Most 
of them had a frequency less than the proportion of the non-cp-contaminating-DNA from 
the mitochondria in this sample (7.8%) and only three of them had a frequency higher than 
the contamination level (at 8.5%, 8.6% and 12.8%). The BC-cp-DNA sample had the 
highest fraction of non-cp-contaminating-DNA from the mitochondria (14.7%), and showed 
265 SNPs at mvf of 1%, 50 SNPs remained after removing low read-count variants. There 
were also three SNPs with frequency higher than the contamination level, at 17.2%, 17.5% 
and 18.2% in the BC-cp-DNA sample. In terms of variant read-count, the six variants 
which had a frequency higher than the contamination level in two samples, did not show a 
significantly higher read-count compared to the cut-off value determined by the thresholds. 
On the other hand, in the WL-DNA sample, none of the SNPs detected had a frequency 
greater than the fraction of non-cp-contaminating-DNA from the mitochondria of 13.6% in 
this sample. The highest SNP frequency reported in this sample was at a frequency of 
11.6% (of a total coverage of 2,791 and variant coverage of 324). All of these 85 SNPs 
from the WL-DNA sample, 42 SNPs from the MC-cp-DNA sample and 50 SNPs from the 
BC-cp-DNA sample, including their variant coverage, total coverage, variant frequency and 
possible source of variant, are listed in Table 7.4.2, and they are summarized according to 
the numbers at mvf of 1%, 5%, 10%, 15% and 20% in Figure 7.4.4A. This includes the 36 
common SNPs between the three samples, 20 common SNPs between the WL-DNA 
sample and either one of the other two samples, and 29 unique SNPs reported only in the 
WL-DNA sample. At 49 positions with SNPs common between the two samples or unique 
in one sample, the total coverage of corresponding positions in the other samples is 
presented for cross-checking. In general, there were only three SNPs at mvf of 15% 
detected in the BC-cp-DNA sample which had the highest fraction of non-cp-
contaminating-DNA. None of reported SNPs was at mvf of 20% in any samples. Finally, 
based on the estimated proportion of non-cp-contaminating-DNA reads from the 
mitochondria and non-cp-contaminating-DNA reads contaminated from the nucleus, a 
possible source was assigned to each variant position, which are presented in Table 7.4.2 
and schematized in Figures 7.4.4B and 7.4.4C. 
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Table 7.4.2 Chloroplast SNPs detected in three samples. Positions refer to the base position in the Q155 cp genome. Common SNPs 
between three samples (total of 36) are highlighted in the first column. Nr and mt denote nucleus and mitochondria, respectively.
 
 
 Position 
Region 
WL-DNA sample 
Max variant frequency from mt (6.53 - 
13.59%)  
and nr (0.16-0.66%) 
MC-cp-DNA sample 
Max variant frequency from mt (2.54 - 
7.82 %)  
and nr (0.34 - 3.48%) 
BC-cp-DNA sample 
Max variant frequency from mt (5.14 - 
14.68%)  
and nr (0.56 - 5.18%) 
Possible 
source of 
variant 
Variant 
Coverage 
Total 
Coverage 
Variant 
frequency 
Variant 
Coverage 
Total 
Coverage 
Variant 
frequency 
Variant 
Coverage 
Total 
Coverage 
Variant 
frequency 
51,514 LSC 20 1,966 1.02 - 154 Below 1% - 80 Below 1% Mt 
101,424 Ira 16 1,553 1.03 - 106 Below 1% - 62 Below 1% Mt 
51,244 LSC 24 2,142 1.12 - 178 Below 1% 4 86 4.65 Mt 
53,568 LSC 34 2,964 1.15 - 187 Below 1% - 110 Below 1% Mt 
53,565 LSC 35 2,934 1.19 - 189 Below 1% - 108 Below 1% Mt 
58,295 LSC 32 2,254 1.42 - 159 Below 1% - 108 Below 1% Mt 
962 LSC 39 2,640 1.48 - 165 Below 1% - 146 Below 1% Mt 
51,295 LSC 34 2,302 1.48 - 170 Below 1% - 89 Below 1% Mt 
85,721 Ira 45 2,774 1.62 - 204 Below 1% - 109 Below 1% Mt 
841 LSC 41 2,412 1.70 - 153 Below 1% - 115 Below 1% Mt 
733 LSC 43 2,235 1.92 - 149 Below 1% - 118 Below 1% Mt 
138,508 Irb 56 2,839 1.97 - 221 Below 1% - 128 Below 1% Mt 
53,546 LSC 66 2,834 2.33 - 184 Below 1% - 104 Below 1% Mt 
910 LSC 65 2,662 2.44 - 168 Below 1% - 141 Below 1% Mt 
877 LSC 66 2,576 2.56 - 165 Below 1% - 116 Below 1% Mt 
52,517 LSC 62 2,083 2.98 - 160 Below 1% - 105 Below 1% Mt 
53,405 LSC 77 2,503 3.08 - 226 Below 1% - 86 Below 1% Mt 
52,628 LSC 65 2,064 3.15 - 146 Below 1% - 86 Below 1% Mt 
138,891 Irb 67 2,082 3.22 - 143 Below 1% 4 77 5.19 Mt 
54,154 LSC 93 2,495 3.73 6 198 3.03 5 106 4.72 Mt 
54,149 LSC 99 2,556 3.87 6 200 3.00 4 111 3.6 Mt 
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85,338 Ira 82 2,088 3.93 - 163 Below 1% 2 106 1.89 Mt 
86,714 Ira 80 1,936 4.13 - 146 Below 1% 3 72 4.17 Mt 
137,515 Irb 77 1,844 4.18 - 117 Below 1% 2 73 2.74 Mt 
53,821 LSC 120 2,723 4.41 4 170 2.35 4 114 3.51 Mt 
53,819 LSC 118 2,651 4.45 4 167 2.40 4 113 3.54 Mt 
58,642 LSC 109 2,434 4.48 - 192 Below 1% - 97 Below 1% Mt 
53,813 LSC 119 2,615 4.55 4 168 2.38 4 113 3.54 Mt 
138,068 Irb 123 2,654 4.63 3 151 1.99 6 115 5.22 Mt 
52,544 LSC 86 1,855 4.64 - 140 Below 1% - 93 Below 1% Mt 
52,547 LSC 88 1,831 4.81 - 134 Below 1% - 90 Below 1% Mt 
52,550 LSC 90 1,806 4.98 - 136 Below 1% - 90 Below 1% Mt 
26,579 LSC 118 2,323 5.08 4 165 2.42 - 113 Below 1% Mt 
139,848 Irb 109 2,123 5.13 - 171 Below 1% 3 90 3.33 Mt 
87,188 Ira 141 2,718 5.19 3 170 1.76 6 111 5.41 Mt 
87,667 Ira 157 3,007 5.22 - 186 Below 1% 8 100 8 Mt 
26,218 LSC 110 2,100 5.24 - 177 Below 1% - 105 Below 1% Mt 
53,662 LSC 117 2,205 5.31 5 177 2.82 4 86 4.65 Mt 
86,161 Ira 132 2,467 5.35 - 213 Below 1% 5 108 4.63 Mt 
84,078 Ira 138 2,571 5.37 4 182 2.20 11 125 8.8 Mt 
58,227 LSC 109 2,016 5.41 - 153 Below 1% - 103 Below 1% Mt 
140,151 Irb 139 2,560 5.43 - 154 Below 1% 4 124 3.23 Mt 
136,562 Irb 164 3,006 5.46 - 170 Below 1% 3 119 2.52 Mt 
53,874 LSC 155 2,608 5.94 5 177 2.82 6 122 4.92 Mt 
84,381 Ira 129 2,159 5.97 - 169 Below 1% - 88 Below 1% Mt 
53,902 LSC 146 2,432 6.00 6 159 3.77 5 113 4.42 Mt 
83,584 Ira 124 2,061 6.02 3 129 2.33 - 97 Below 1% Mt 
137,041 Irb 168 2,782 6.04 4 176 2.27 5 112 4.46 Mt 
140,645 Irb 134 2,162 6.20 - 164 Below 1% - 82 Below 1% Mt 
76,377 LSC 135 2,110 6.40 - 122 Below 1% 8 97 8.25 Mt 
53,515 LSC 148 2,287 6.47 - 141 Below 1% - 99 Below 1% Mt 
57,591 LSC 154 2,260 6.81 5 147 3.40 6 98 6.12 Mt 
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76,168 LSC 186 2,591 7.18 10 150 6.67 4 102 3.92 Mt 
58,436 LSC 160 2,061 7.76 3 141 2.13 - 92 Below 1% Mt 
25,125 LSC 166 2,114 7.85 - 124 Below 1% 9 84 10.71 Mt 
74,731 LSC 144 1,786 8.06 5 120 4.17 6 78 7.69 Mt 
25,120 LSC 174 2,146 8.11 - 127 Below 1% 9 85 10.59 Mt 
53,444 LSC 168 1,997 8.41 - 167 Below 1% - 81 Below 1% Mt 
76,277 LSC 191 2,262 8.44 - 164 Below 1% 5 83 6.02 Mt 
57,616 LSC 191 2,239 8.53 7 146 4.79 4 97 4.12 Mt 
78,710 LSC 168 1,944 8.64 - 147 Below 1% - 113 Below 1% Mt 
37,992 LSC 209 2,350 8.89 5 136 3.68 7 95 7.37 Mt 
53,462 LSC 189 2,095 9.02 - 164 Below 1% - 86 Below 1% Mt 
77,157 LSC 241 2,642 9.12 8 199 4.02 8 92 8.7 Mt 
53,695 LSC 193 2,018 9.56 7 149 4.70 8 87 9.2 Mt 
79,139 LSC 275 2,874 9.57 8 202 3.96 21 120 17.5 Mt 
79,864 LSC 267 2,789 9.57 11 176 6.25 17 126 13.49 Mt 
57,949 LSC 201 2,095 9.59 9 142 6.34 - 71 Below 1% Mt 
75,592 LSC 286 2,904 9.85 14 204 6.86 14 112 12.5 Mt 
23,944 LSC 242 2,454 9.86 5 141 3.55 8 82 9.76 Mt 
78,410 LSC 208 2,104 9.89 9 158 5.70 5 75 6.67 Mt 
57,881 LSC 201 2,031 9.90 11 130 8.46 - 88 Below 1% Mt 
75,231 LSC 245 2,425 10.10 10 156 6.41 8 98 8.16 Mt 
79,099 LSC 256 2,520 10.16 10 171 5.85 18 99 18.18 Mt 
75,222 LSC 251 2,464 10.19 10 159 6.29 8 100 8 Mt 
77,725 LSC 255 2,482 10.27 7 164 4.27 10 95 10.53 Mt 
57,679 LSC 247 2,361 10.46 11 157 7.01 - 115 Below 1% Mt 
27,971 LSC 275 2,627 10.47 5 172 2.91 6 107 5.61 Mt 
79,448 LSC 276 2,599 10.62 12 165 7.27 6 116 5.17 Mt 
75,758 LSC 250 2,337 10.70 15 117 12.82 11 103 10.68 Mt 
77,643 LSC 279 2,601 10.73 8 156 5.13 21 122 17.21 Mt 
27,492 LSC 330 3,030 10.89 3 196 1.53 10 137 7.3 Mt 
27,198 LSC 341 3,128 10.90 11 210 5.24 8 103 7.77 Mt 
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79,732 LSC 301 2,745 10.97 15 174 8.62 13 118 11.02 Mt 
27,120 LSC 324 2,791 11.61 6 196 3.06 13 106 12.26 Mt 
  
 
Figure 7.4.4 Estimation of genome 
composition and SNP analysis in 
three sugarcane DNA preparations. 
A, The number of SNPs detection at 
mvf of 1%, 5%, 10%, 15% and 20%. B, 
Scheme of read proportion and origins 
within the reads mapped to the cp-
genome from NGS data of sugarcane 
cultivar Q155. B, Scheme of read origin 
and compositions mapped to the 
chloroplast reference genome from 
sequencing data of whole leaf DNA. C, 
Scheme of possible sources of 
chloroplast SNPs detected from NGS 
data of sugarcane cultivar Q155. cp 
and mt denote chloroplast and 
mitochondria, respectively.  
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7.5. Discussion 
Modern sugarcane genotypes are hybrids between S. officinarum and S. spontaneum. 
Even though these species have different cp-genome types, in most cases S. officinarum 
has been the female parent, indicating that the cp-sequence of sugarcane should be the 
same as that of S. officinarum. This study shows that the cp-sequence of Q155 is exactly 
equivalent at every base to the consensus cp-sequence of the three genotypes (Figure 
7.4.2D). The three sugarcane cp-genomes of cultivars NCo310, SP80-3280 and Q155 are 
from three diverse S. spp. hybrids genotypes. Nco310 was first released in South Africa 
(Nuss and Brett, 1995), SP80-3280 is a commercial cultivar originally from Brazil (Figueira 
et al., 2012), while Q155 is another commercial hybrid cultivar in Australia (Sugar 
Research Australia, 2015). The analysis revealed that there were nine positions and five 
position differences between the cp-genomes of NCo310 and SP80-3280 to Q155 cp-
genome and 14 positions different between NCo310 and SP80-3280 cp-genomes. This 
could have been from the cp-DNA-insert sequences in the mitochondrial genome captured 
while sequencing NCo310 cp-genome based upon Sanger sequencing of PCR products 
(Asano et al., 2004) and shotgun sequencing of SP80-3280 cp-genome at a comparatively 
low depth of coverage (8x) (Calsa Júnior et al., 2004). Compared to the other two 
published cp-sequences, the Q155 cp-genome assembly was based on a much higher 
sequence coverage (2,357x). Further comparative analysis of mapping trimmed reads 
from three samples to three cp-genomes of NCo310, SP80-3280 and Q155 (Figure 
7.4.2C) revealed that better alignment and coverage were obtained when Q155 (or 
NCo310) was used as a reference, especially, at positions 123,625, 123,651, 123,802 and 
123,815 in the IRb region compared to that of SP80-3280 (as mentioned in section 7.3.3). 
Within the cp-reads mapped to the SP80-3280 cp-genome, the differences between IRa 
and IRb caused the IR reads to only map to the IRa region but not to the IRb, resulting in 
poor alignment and low minimum coverage. A low coverage was obtained in this region 
across three of the samples. This was not observed when NCo310 or Q155 cp-genome 
was used as a reference. The total reads mapped to three sequences were comparatively 
similar since most poor alignment occurred in the IRb involved only IR reads, which were 
counted by the assembler when they mapped to the IRa region (Table 7.5.1). At other 
positions, which were far apart from each other and not located together within the length 
of one read (~100 bp), reads involved were mapped to the reference. Most IRs regions in 
the plant cp-genome are identical inverted copies due to a low mutation rate compared to 
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LSC and SSC (Wolfe et al., 1987), even though sequence variation between IRa and IRb 
has been reported, for example, in Yang et al. (2010). When assembling the cp-genome, 
all reads originally from two the IR regions are normally assembled into one contig using a 
de novo assembler, like the one used in this study, the CLC-WB. To detect variants within 
the IR regions, the inverted repeats have sometimes been sequenced independently, as 
mentioned in Khan et al. (2012). The methods described in Raubeson et al. (2007) were 
used, with an assumption that if there is variation between the two IRs, half of the IR reads 
would reflect one variant and half reflect the other. Reads were mapped to the IR contigs 
using the same settings as for the mapping assembly described earlier, and no variants 
were detected at a frequency of 25%. This indicates that the IRa and IRb of sugarcane cv. 
Q155 are identical. The comparative analysis strongly suggests that the Q155 cp-
sequence from this study might be the cp-genome of sugarcane in general, there might be 
no differences between the cp-genomes of NCo310, SP80-3280 and Q155 and all 
sugarcane genotypes have the same cp-genome sequence. This is consistent within the 
recent narrow origin of sugarcane in which all modern sugarcane hybrid cultivars were 
derived from a few selected clones after a few generations within a short-time divergence 
(Roach, 1989, Lima et al., 2002, Raboin et al., 2008). The result demonstrated that it is 
feasible to construct the sugarcane cp-genome from NGS data containing DNA from 
mitochondria and nucleus, without requiring to isolate and purify chloroplasts prior to 
sequencing. The demonstration of efficient extraction of an apparently base perfect whole 
cp-genome sequence from shotgun reads of total plant DNA in this very complex system 
(8 to 12 ploids) demonstrates the robustness of the technique in extracting the chloroplast 
reads from total sequence data can not only be applied to the diploid species but also to 
the polyploid ones. 
Table 7.5.1 Mapping summary of three cp-genomes, NCo310, SP80-3280 and Q155 
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Sugarcane mitochondrial and nuclear genomes have not been fully sequenced due to the 
complexity of the genomes. However, evidence of gene transfer in other species (Notsu et 
al., 2002, Clifton et al., 2004, Wang et al., 2007) suggests that there could be many copies 
of cp-DNA-insert sequences in the mitochondrial and nuclear genomes. It was reported 
that the chloroplast insertions accounts for 4.4% (~25.5 kb) of the maize NB (Zea mays 
subsp. Mays) mitochondrial genome (Clifton et al., 2004), 6.3% of the rice (Oryza sativa 
L.) mitochondrial genome (Notsu et al., 2002) and 1% of the Arabidopsis mitochondrial 
genome (Unseld et al., 1997). Substitutions, deletions and insertions often occur within 
these cp-DNA-insert sequences after their integration into the mitochondrial and nuclear 
genome, as has been observed in rice and Arabidopsis (Nakazono and Hirai, 1993, 
Unseld et al., 1997). The similarity between the genuine cp-sequence and their 
homologues in the mitochondrial genome in plants can be between 61% and 100%, while 
the degree of similarity between chloroplast genes and their homologues in the nucleus 
has been reported to vary in different species, as reviewed in Notsu et al. (2002). Total 
DNA extracted from leaf tissue contains chloroplast DNA, mitochondrial DNA and nuclear 
DNA (Hansen et al., 2007, Lutz et al., 2011, Zhang et al., 2011). In terms of obtaining a 
true cp-genome assembly using NGS data, it is important not to have any variants of reads 
corresponding to cp-DNA-insert sequences in the mitochondrial or the nuclear genomes 
contributing to the assembled cp-sequence. This can be easily overcome by using the 
majority vote setting in the assembler, leading to a consensus sequence which reflects the 
major base calls at any given position due to the high abundance of chloroplast reads over 
mitochondrial and nuclear reads. However, when it comes to detecting the variant in cp-
genome, cp-DNA-insert sequences in the mitochondria (and possibly in the nucleus) and 
the variants within them, can pose a challenge and could be attributed to the variant 
results. In SNP detection software, the frequency of a SNP at a certain position in the 
genome is the percentage of that SNP count out of the total count of all nucleotides at that 
position (or, in other words, the coverage of that SNP out of the total coverage of the 
genome at that position). To allow the interpretation of the non-cp-contaminating-DNA 
results to SNP detection, the coverage of the chloroplast, mitochondrial and nuclear genes 
was used as a measure of corresponding genome copy number to estimate the 
percentage of possible non-cp-contamination from cp-DNA-insert sequences in the 
mitochondria and nucleus in each of the three samples. The non-cp-contaminating-DNA 
reads reported could have been mostly from the mitochondrial genome, while nuclear 
contamination might have been reported as well, but this would be at a low frequency 
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which sometimes could not be distinguished from the sequencing errors. The total amount 
of non-cp-contaminating-DNA fraction in the MC-cp-DNA sample was less than that in the 
other two DNA samples. This could be due to the varied number of genomes in different 
tissues in the plant and the differing isolation methods yielding differing recoveries of DNA 
from the three genomes in the plant.  
Analysis of variants was examined in sequences obtained from the three different 
preparations with different proportions of chloroplast, and non-cp-contaminating-DNA from 
mitochondria and nucleus due to different isolation methods. Many low SNPs found in the 
MC-cp-DNA and BC-cp-DNA samples could be attributed to the non-cp-contaminating-
DNA from the nucleus, while the rest of the SNPs in the three samples could be attributed 
to non-cp-contaminating-DNA from the mitochondria. There could be variants within the 
cp-DNA-insert sequences in the mitochondria, as a faster mutation rate was reported in 
the mitochondrial genome in comparison to the cp-genome (Notsu et al., 2002). The 
variants originating from non-cp-contaminating-DNA in the nucleus could have lower 
frequency compared to those from the mitochondria. It is difficult to differentiate between 
these, but for all detected SNPs, they could all be attributed to non-cp-contaminating-DNA 
of cp-DNA-insert sequences from other genomes in the data obtained from the NGS 
technology. The problem with the low-coverage samples being used for variant detection 
is that a small change in variant read-count (or coverage) could lead to a significant 
increase/decrease in the calculated frequency of the variant, in comparison to a high-
coverage sample. For example, at the coverage of 100 (~coverage of MC-cp-DNA and 
BC-cp-DNA samples), variant coverages of 1 and 5 would result in variant frequency to be 
reported at 1% and 5%, even though the results are only 4 reads different, while at the 
coverage of 2,000 (~coverage of WL-DNA sample), there would be 20 reads and 100 
reads. This may explain why there were six variants reported with a frequency higher than 
the fraction of the non-cp-contaminating-DNA from the mitochondria in the two low-
coverage samples, MC-cp-DNA and BC-cp-DNA. Most studies of heteroplasmy/variant 
detection using NGS data, (i.e. in Raubeson et al., 2007, McPherson et al., 2013, Sabir et 
al., 2014), have been based on a low coverage, suggesting that the NGS-derived cp-SNPs 
reported as being evidence for heteroplasmy/variants, could have been from the 
contribution of the nuclear or mitochondrial genomes being detected in the low-coverage 
samples.  
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Heteroplasmy is a significant biological issue in studies of organellar genomes (Rubinoff et 
al., 2006, Jayaprakash et al., 2015). The specificity of chloroplast sequencing has usually 
been based on PCR amplification of the cp-sequences, or the isolation and purification of 
chloroplasts prior to sequencing. Neither of these approaches is fool proof and may result 
in sequences from the nucleus or mitochondria, with the homology to the chloroplast being 
attributed to chloroplast heteroplasmy. Chloroplast heteroplasmy has been reported in 
many plant species using different approaches (Johnson and Palmer, 1989, Chat et al., 
2002, Frey et al., 2005, Hansen et al., 2007, Sabir et al., 2014), with suggestions that 
different plant tissues or organs may have cells with different proportions of genetically 
distinct chloroplasts. However, these studies have not always considered other 
explanations for sequence variations, and have lacked the evidence that this quantitative 
NGS analysis has provided. No published report has discounted the possibility that the 
apparent heteroplasmy reported is due to non-cp-contaminating-DNA from cp-DNA-insert 
sequences in the mitochondria and nucleus in the samples analysed. Careful re-
examination of the methods used in all earlier reports of heteroplasmy in chloroplasts 
indicates that many of these reports may have been due to contaminating mitochondrial or 
nuclear gene sequences. For example, apparent differences in variants reported between 
plant tissues and samples may be due to different levels of contamination with other 
genomes in these preparations. NGS provides a new tool that can explore more 
quantitatively and critically the issue of chloroplast heteroplasmy. However, analysis of 
heteroplasmy in NGS data requires careful analysis of the levels of non-cp-contaminating-
DNA from other genomes. The use of known genes from the three genomes to estimate 
the abundance of these genomes in the samples, as in this study, avoids this problem. 
Lastly, sugarcane is a good model to study chloroplast heteroplasmy in depth, because of 
its unique status as a C4 plant with different types of chloroplasts and a very complex 
genome. The design of two enriched samples of MC-cp-DNA and BC-cp-DNA and a WL-
DNA sample with different read compositions allows us to dissect the possibility of 
contamination by other genomes in the data, and also heteroplasmy if present within 
individual cells or cell types. 
7.6. Conclusion 
The results have demonstrated that it is possible to assemble a cp-genome sequence from 
whole genome shotgun sequencing short-reads of an unenriched and two chloroplast-
enriched DNA samples from a highly polyploid plant such as sugarcane by using de novo 
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assembly and reference mapping. The cp-genome of sugarcane cv. Q155 reported here is 
likely to be the cp-genome sequence for cultivated sugarcane, as it is the consensus of 
sequences reported for other genotypes. There could be varied numbers of chloroplast, 
mitochondrial and nuclear genomes in preparations from different tissues of a plant. This 
may explain some earlier reports of heteroplasmy in the chloroplast in different parts of 
plants. There is no positive evidence from NGS data for heteroplasmy in the sugarcane 
cp-genome. It is possible that plant cp-genomes do not display heteroplasmy. In general, 
even though this study is not directly related to the main theme of this thesis, it provides 
important information extending the understanding of the sugarcane chloroplast genome 
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Appendix II. Predicted values for cellulose, hemicellulose, lignin and extractives expressed on a %DM of the pressed fiber dry 
mass, averaged on genotypes. 
  Genotype 
% Cellulose 
predicted 
% Hemicellulose 
predicted 
% Lignin 
predicted 
% Extractives 
predicted 
% Total fiber 
predicted 
1 QN05-237 26.83 16.57 12.45 37.73 55.84 
2 QN05-1042 27.16 16.64 12.55 36.86 56.34 
3 KQB07-34134 27.95 17.81 12.97 32.79 58.73 
4 KQ08-2552 28.38 17.92 13.85 31.19 60.15 
5 KQB08-22714 28.68 17.94 13.74 32.01 60.35 
6 QN02-717 30.13 17.24 13.18 34.64 60.55 
7 KQB07-24024 28.93 18.39 13.87 32.06 61.19 
8 QC02-402 29.09 17.79 14.33 29.85 61.21 
9 KQ08-2734 29.49 18.46 13.84 30.40 61.79 
10 KQ228A 30.12 18.48 14.44 28.79 63.03 
11 QN05-503 29.79 18.92 14.43 28.34 63.14 
12 QS99-2014 30.21 18.49 14.65 26.19 63.34 
13 KQB07-23976 31.22 17.71 14.43 29.80 63.36 
14 QN05-1778 29.94 19.05 14.45 28.05 63.44 
15 KQB07-23989 30.99 18.23 14.29 29.26 63.51 
16 QN05-1382 30.34 19.21 14.29 28.36 63.84 
17 KQ08-2926 31.10 18.64 14.21 29.07 63.94 
18 KQB07-24524 30.32 19.14 14.65 28.70 64.11 
19 QN05-1253 30.68 18.95 14.67 27.52 64.29 
20 QN05-1210 30.95 19.00 14.42 27.89 64.37 
21 QN02-1494 31.26 18.99 14.26 28.71 64.51 
22 QN02-895 30.55 19.58 14.47 27.26 64.60 
23 QN05-1362 30.89 19.42 14.60 27.43 64.91 
24 KQB09-23160 31.28 19.07 14.61 27.88 64.95 
25 Q208 32.24 18.16 14.58 28.94 64.98 
26 KQB09-20194 32.54 18.17 14.53 26.74 65.24 
27 KQB08-32762 30.57 19.85 14.95 25.82 65.38 
28 QBYN04-26026 31.37 19.08 14.94 27.67 65.39 
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29 Q135 31.64 19.18 14.64 27.57 65.46 
30 KQ08-2744 31.32 19.01 15.13 26.25 65.47 
31 QN01-303 30.68 19.99 15.07 25.58 65.74 
32 QBYN04-26081 31.76 19.02 14.96 26.07 65.74 
33 KQB07-23864 32.16 19.10 14.54 27.84 65.80 
34 QN05-852 28.64 21.40 15.90 22.40 65.95 
35 QN05-84 31.63 19.59 14.85 26.33 66.07 
36 QN00-37 31.95 19.64 14.80 26.58 66.39 
37 QN05-1802 32.54 19.04 14.83 26.53 66.40 
38 KQ08-2546 32.46 19.37 14.71 26.41 66.54 
39 QA04-2294 31.42 19.99 15.16 24.74 66.58 
40 KQB07-34851 32.26 19.35 15.06 25.13 66.67 
41 KQ08-3482 32.22 19.42 15.05 25.45 66.69 
42 QN05-307 32.10 19.37 15.25 25.87 66.71 
43 KQ08-2722 30.54 20.61 15.59 23.94 66.74 
44 KQB07-24815 31.81 19.43 15.53 24.70 66.76 
45 QN05-457 30.48 20.90 15.45 22.89 66.83 
46 QBYN04-26282 32.21 19.48 15.27 25.24 66.96 
47 KQ08-1295 32.03 19.76 15.20 24.19 66.99 
48 QN05-1743 30.89 20.67 15.46 23.96 67.02 
49 QA01-2059 33.05 19.01 15.02 26.04 67.08 
50 QA04-2422 31.99 19.75 15.41 25.62 67.15 
51 QN01-1075 32.65 19.27 15.26 25.60 67.18 
52 KQ08-2859 33.51 18.77 15.03 25.69 67.31 
53 KQB09-20148 32.71 19.62 14.99 23.04 67.33 
54 KQB07-33305 32.26 19.82 15.27 23.91 67.35 
55 QBYN04-20309 32.24 19.89 15.31 23.54 67.45 
56 KQB07-24887 32.03 20.10 15.41 23.56 67.55 
57 KQ08-1040 32.48 20.05 15.05 24.60 67.58 
58 KQB07-24423 33.17 19.02 15.41 25.94 67.59 
59 KQB09-23146 32.49 19.78 15.36 23.61 67.62 
60 KQB09-20290 32.10 20.04 15.55 23.85 67.69 
61 KQB08-32953 31.92 20.13 15.70 22.53 67.76 
 205 
 
 
62 QA04-2235 31.04 21.02 15.78 22.19 67.84 
63 QBYN04-26136 31.82 20.36 15.66 23.68 67.84 
64 KQ08-2664 33.04 19.52 15.32 25.73 67.88 
65 KQ08-2725 32.10 20.48 15.37 23.88 67.95 
66 KQ08-2852 32.93 20.14 14.90 25.82 67.96 
67 Q256 32.78 19.90 15.42 24.24 68.09 
68 QBYN04-26103 32.55 20.02 15.54 24.54 68.11 
69 QBYN04-26113 32.62 19.74 15.91 22.11 68.28 
70 KQ08-2838 32.69 19.94 15.72 24.19 68.35 
71 KQB09-20624 32.93 20.00 15.70 22.86 68.63 
72 Q253 32.51 20.61 15.53 22.31 68.65 
73 KQB08-32954 32.49 20.31 15.86 22.02 68.66 
74 KQB08-22816 32.00 20.73 16.02 21.35 68.75 
75 KQB09-20620 32.44 20.68 15.68 20.21 68.80 
76 KQB07-23668 33.39 19.90 15.54 24.34 68.84 
77 KQ08-1144 32.99 20.42 15.55 23.02 68.96 
78 KQB09-23131 32.36 20.56 16.08 21.38 69.00 
79 QK08-3313 33.60 19.82 15.61 22.49 69.03 
80 KQB07-34872 33.70 19.59 15.83 23.05 69.13 
81 QN05-1801 34.12 19.59 15.45 23.44 69.16 
82 KQ08-1282 33.53 20.15 15.61 22.47 69.29 
83 QN05-44 32.92 20.12 16.26 21.36 69.30 
84 QBYN04-26127 33.07 20.19 16.04 21.43 69.31 
85 Q200 33.69 20.05 15.71 23.20 69.44 
86 KQ08-2649 33.18 20.33 16.09 21.04 69.59 
87 QBYN04-26272 33.91 20.01 15.70 22.73 69.61 
88 KQB07-23981 33.94 19.77 15.97 22.96 69.68 
89 KQB07-24644 32.75 20.70 16.30 19.86 69.75 
90 KQB08-32945 33.59 20.39 15.83 22.42 69.81 
91 KQ08-2915 34.34 21.23 14.25 22.66 69.83 
92 QN05-545 32.84 21.31 15.72 21.83 69.87 
93 KQB09-30117 32.72 21.03 16.14 19.60 69.88 
94 Q241 34.49 19.91 15.49 21.90 69.89 
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95 QBYN04-26098 34.61 19.79 15.50 23.51 69.90 
96 KQ08-2611 33.96 20.39 15.61 21.96 69.96 
97 QN05-1509 34.02 20.06 15.90 22.69 69.97 
98 KQB09-23126 34.57 20.00 15.52 23.48 70.09 
99 KQB09-20266 32.98 20.72 16.47 20.84 70.16 
100 KQB09-20109 33.58 20.61 16.10 21.43 70.30 
101 KQB08-32673 34.81 20.04 15.45 22.96 70.31 
102 KQB07-24729 33.24 20.80 16.28 20.03 70.32 
103 QA04-1448 35.03 19.84 15.58 22.82 70.45 
104 KQB09-20256 34.93 19.83 15.78 20.55 70.54 
105 KQB09-20614 32.36 21.68 16.52 18.80 70.57 
106 KQB09-20424 34.41 20.36 15.89 22.06 70.66 
107 KQB09-23167 33.54 21.15 16.13 19.52 70.82 
108 QN05-45 31.98 22.26 16.61 18.06 70.86 
109 QN05-215 32.60 21.76 16.81 20.87 71.17 
110 RB76-5418 34.44 20.41 16.38 19.17 71.23 
111 KQ08-2558 32.75 21.77 16.72 18.08 71.25 
112 KQB07-33743 34.71 20.28 16.33 21.79 71.33 
113 KQB08-32937 34.34 20.70 16.31 20.09 71.35 
114 QN05-405 33.55 21.41 16.45 18.72 71.41 
115 QN05-1136 34.37 20.72 16.39 19.91 71.47 
116 KQB07-34148 33.99 21.07 16.49 19.72 71.55 
117 KQB07-34164 32.46 21.99 17.11 15.71 71.56 
118 KQB07-33281 35.01 20.41 16.25 20.19 71.67 
119 Q190 33.98 21.22 16.49 19.04 71.68 
120 KQB09-20053 35.11 20.35 16.28 20.43 71.75 
121 KQB09-20322 34.28 21.16 16.48 19.81 71.92 
122 KQB07-23227 36.30 19.86 15.80 21.93 71.96 
123 QN05-2 33.68 21.67 16.69 17.47 72.05 
124 KQ08-2791 35.08 20.88 16.14 19.84 72.10 
125 KQB07-23990 34.45 21.00 16.66 18.80 72.11 
126 KQB07-24260 34.24 21.22 16.69 18.37 72.15 
127 KQB09-20036 35.13 20.78 16.31 20.04 72.23 
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128 QBYN04-26046 34.49 21.01 16.75 19.39 72.25 
129 KQ08-2408 35.67 20.19 16.41 19.99 72.27 
130 QBYN04-26166 35.69 20.23 16.35 19.40 72.28 
131 KQB07-33647 34.33 21.37 16.62 17.01 72.33 
132 KQB07-34350 33.10 22.17 17.14 17.36 72.41 
133 KQB07-24739 34.48 21.27 16.69 18.14 72.44 
134 QN05-292 34.51 21.48 16.62 17.55 72.61 
135 KQ08-2541 34.73 21.40 16.59 18.61 72.72 
136 KQB09-23140 34.12 21.71 16.90 17.24 72.73 
137 QA02-1009 35.32 21.06 16.50 18.78 72.87 
138 KQB09-20434 35.22 21.42 16.24 19.71 72.88 
139 QA96-1749 34.20 22.07 16.78 17.04 73.05 
140 KQ08-1241 31.91 23.91 17.33 13.51 73.15 
141 QN05-1906 35.23 21.33 16.62 18.47 73.18 
142 KQB07-23162 35.47 20.95 16.91 16.24 73.33 
143 KQB07-23851 35.23 21.11 17.05 17.59 73.39 
144 KQB09-20501 35.75 20.89 16.84 18.44 73.47 
145 KQ08-1005 34.54 21.84 17.11 15.56 73.48 
146 QN05-803 35.50 21.08 16.95 16.16 73.53 
147 QN05-725 34.69 21.90 16.99 15.88 73.59 
148 QN05-986 36.37 20.50 16.75 19.14 73.62 
149 KQ08-2850 35.69 22.24 15.73 18.91 73.65 
150 KQ08-1158 34.85 21.91 17.11 16.20 73.87 
151 QN05-293 35.19 22.02 16.72 17.34 73.92 
152 KQ08-1046 35.81 21.37 16.78 18.63 73.96 
153 QBYN04-26041 37.23 21.23 15.67 17.85 74.13 
154 KQB08-22526 36.02 20.99 17.13 18.16 74.14 
155 QBYN04-26233 35.33 21.77 17.10 17.99 74.20 
156 KQB09-20384 36.11 21.33 16.85 17.57 74.29 
157 QBYN04-26096 35.16 21.82 17.44 15.53 74.41 
158 KQB09-20432 36.71 20.94 16.90 17.01 74.56 
159 KQB09-20001 36.26 21.31 17.03 16.13 74.60 
160 KQB09-23137 33.01 23.66 18.03 12.65 74.71 
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161 QBYN04-26066 35.08 22.03 17.62 15.72 74.73 
162 KQB07-23980 36.63 21.17 16.93 17.83 74.74 
163 KQB07-34267 36.74 21.06 17.04 17.03 74.84 
164 QB01-10038 36.41 21.33 17.13 15.44 74.86 
165 QBYC05-20706 36.49 21.61 16.86 16.96 74.96 
166 QB01-10021 35.40 22.21 17.35 15.83 74.96 
167 KQB07-23785 35.76 21.91 17.32 14.72 74.99 
168 KQB09-30026 35.68 21.99 17.33 14.50 75.00 
169 KQ08-1306 35.71 22.14 17.33 15.60 75.18 
170 KQB07-33198 36.85 21.37 16.97 16.76 75.19 
171 QB01-10003 36.96 21.31 16.99 17.01 75.25 
172 QA03-1506 37.13 21.21 17.00 17.82 75.34 
173 QN05-1460 35.75 22.31 17.43 15.54 75.49 
174 KQB09-20485 36.88 21.48 17.25 15.63 75.61 
175 QBYN04-26171 36.74 21.75 17.63 14.82 76.12 
176 MQ239 37.73 21.48 16.93 16.34 76.14 
177 KQB07-24619 35.18 23.27 17.70 13.31 76.15 
178 QN05-441 37.35 22.07 17.03 15.88 76.45 
179 QBYN04-26017 37.09 22.09 17.48 14.71 76.66 
180 QBYN04-26050 38.01 21.46 17.32 15.40 76.78 
181 KQB09-20497 36.43 22.92 17.96 12.18 77.31 
182 KQB09-20465 38.32 21.79 17.62 15.18 77.73 
183 KQ08-2362 36.14 23.38 18.41 9.84 77.93 
184 KQB07-33387 37.31 22.61 18.03 11.49 77.94 
185 KQ08-1134 38.98 22.08 17.75 13.10 78.81 
186 KQ08-2628 41.73 25.20 20.18 2.69 87.11 
  Max 41.73 25.20 20.18 37.73 87.11 
  Min 26.83 16.57 12.45 2.69 55.84 
  Average 33.47 20.45 15.92 21.65 69.84 
  N 186 186 186 186 186 
        
 209 
 
 
Appendix III-a. Bioanalyser profiles of culm RNA samples used in transcriptome construction by PacBio Iso-Seq and Illumina 
RNA-Seq  
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Appendix III-b. Bioanalyser profiles of leaf and root RNA samples used in transcriptome construction by PacBio Iso-Seq  
 
Note: Additional chloroplast ribosomal RNA peaks can be seen in all leaf RNA samples (two upper rows), whereas there were only 18s 
and 25s peaks in root RNA samples (two lower rows). The lower RIN and rRNA ratios were due to the addional rRNA peaks.  
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Appendix IV. Correction of sugarcane PacBio transcript isoform data using Illumina short-reads 
Analysis 
PacBio 
non-
corrected 
LoRDEC 
non-
normalized 
reads 
LoRDEC 
BBnorm 
normalized 
reads 
LoRDEC 
Trinity 
normalized 
reads 
Proovread 
BBnorm 
normalized 
reads 
Proovread 
Trinity 
normalized 
reads 
  Total transcripts 107,604 107,599 107,599 107,598 107,599 107,597 
Evigene 
prediction 
  
  
  
  
  
  
  
  
  
Okay transcripts 18,190 44,875 45,012 51,025 15,412 15,198 
% Okay transcripts 14.6 40.6 40.4 42.9 14.5 14.6 
Drop transcripts 105,607 65,635 66,391 67,730 90,157 88,371 
% Drop transcripts 85.3 59.3 59.5 57.0 85.4 85.3 
Length 1K proteins* 385 1,340 1,339 1,348 370 368 
Main transcripts 14,124 24,965 25,003 25,012 11,260 11,115 
Alternate transcripts 4,066 19,910 19,979 26,013 4,152 4,083 
Min all set 227 186 186 186 222 227 
Max all set 9,633 8,142 8,142 8,142 4,772 4,449 
Mean all set 654 1,162 1154.2 1,180.8 235 660.1 
GC% 61.80 52.00 52.00 51.40 61.70 61.90 
CEGMA 
alignment 
  
  
Complete    230 240 239 240 237 237 
%Completeness 92.74 96.77 96.37 96.77 95.56 95.56 
Partial 239 243 243 243 242 242 
%Completeness 96.4 97.98 97.98 97.98 97.58 97.58 
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BUSCO 
notation 
  
  
  
  
  
Complete BUSCOs 721 800 794 799 798 802 
%Completeness 75.4 83.7 83.1 83.6 83.5 83.9 
Fragmented BUSCOs 113 58 63 64 66 65 
%Fragmented 11.82 6.07 6.59 6.69 6.90 6.80 
Missing BUSCOs 122 98 99 93 92 89 
%Missing 12.76 10.25 10.36 9.73 9.62 9.31 
Complete+partial (%) 87.13 89.69 89.64 90.27 90.38 90.69 
ORFs 
detected 
Minimum 100 aa 243,637   252,491   
ORF N50 (bp) 570   888   
Proteins** Full-length ≥90% 9.727   12,611   
Sorghum %Transcripts mapped 66.43   69.44   
 
*Average length of largest 1,000 proteins. ** Viridiplantae protein counts which were covered ≥90% by transcript isoforms 
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Appendix V. Important KEGG pathways related to biomass in sugarcane (the highlighted boxes represent the PacBio transcript 
isoforms annotated as enzymes in the KEGG metabolic pathway and present in the data).  
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Appendix VI. Transcript expression in the top and bottom internodal tissues 
analysed by the MapMan Image Annotator module.  
 
Only transcripts with a log2(FPKM+1)> 0.5 were used for visualization and comparison. 
The top tissues had higher expression level than that of the bottom tissues. 
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Appendix VII. Percentage of transcripts annotated against MapMan functional bins of all comparisons in this study. 
MapMan BIN 
Tissue-based comparison Fiber content-based comparison 
All-genotypes 
T-B 
Low-fiber 
T-B 
High-fiber 
T-B 
All-tissues 
L-H 
Bottom-
tissues L-H 
Top tissues 
L-H 
1 Photosynthesis 1.77 0.92 1.88 0.83 0.6 0.55 
2 Major carbohydrates 0.14 0.31 0.47 0.83 0.6 0.55 
3 Minor carbohydrates 0.57 0.31 0 0.41 0 0.55 
4 Glycolysis 1.27 0.62 0.94 0 0.89 0.55 
5 Fermentation 0.14 0 0 0 0 0 
6 Gluconeogenesis/glyoxylate cycle 0.14 1.08 0.24 0.41 0 0 
7 Oxidative pentose phosphate pathway 0 0 0.24 0 0.89 0 
8 TCA cycle/organic acid transformations 0.78 0.62 0.47 0.41 0.6 0 
9 Mitochondrial electron transport/ATP synthesis 0.28 0.31 1.18 0.41 0.3 0 
10 Cell wall 3.96 2.47 1.88 0.41 0.3 0.55 
11 Lipid metabolism 2.61 2.47 1.88 0.41 0.6 0 
12 Nitrogen metabolism 0.14 0.15 0 0.41 0 0.55 
13 Amino acid metabolism 3.67 4.47 3.76 1.24 0.89 2.76 
14 Sulphur assimilation 0.07 0.15 0 0 0 0 
15 Metal handling 0.64 0.31 0.94 0.83 0.6 1.66 
16 Secondary metabolism 7.56 9.09 4.47 4.13 2.68 5.52 
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17 Hormone metabolism 2.54 2.77 3.06 0.83 2.98 1.66 
18 Cofactor and vitamin synthesis 0 0.15 0 0.41 0.3 0 
19 Tetrapyrrole synthesis 0.28 0 0.24 0.83 0.3 0 
20 Stress 4.52 4.47 4.71 5.79 5.65 6.63 
21 Redox.regulation 0.28 0.46 0.94 2.48 2.38 1.1 
22 Polyamine metabolism 0.07 0 0 0.41 0 0.55 
23 Nucleotide metabolism 0.42 0.77 0.71 1.65 0.3 1.1 
24 Biodegradation of xenobiotics 0.07 0 0.24 0.41 0.6 1.1 
25 C1 metabolism 0.57 0.31 0 0 0.3 0.55 
26 Miscellaneous enzyme families 6.93 6.16 3.06 2.89 4.76 2.76 
27 RNA 5.51 7.86 8.47 11.98 9.82 6.08 
28 DNA 0.85 1.08 1.65 0.83 2.38 1.66 
29 Protein 7.99 9.24 11.06 13.64 17.26 17.13 
30 Signaling 5.98 5.08 5.88 2.48 5.65 6.08 
31 Cell 2.47 3.39 2.12 4.13 3.87 4.42 
33 Development 1.48 1.85 1.41 3.31 2.38 2.21 
34 Transport 4.81 5.39 6.59 5.37 5.65 7.73 
35 Not assigned 31.87 27.73 31.53 31.82 26.49 25.97 
 
